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ABSTRACT 
Role of ATP Hydrolysis and Mechanism of Substrate Reduction in Nitrogenase  
 
by 
 
Sudipta Shaw, Doctor of Philosophy 
Utah State University, 2017 
 
 
Major Professor: Dr. Lance C. Seefeldt 
Department: Chemistry and Biochemistry 
 Nitrogenase consists of two metalloproteins, the MoFe protein and the Fe protein. 
The MoFe protein is an α2β2 heterotetramer and the Fe protein is an α2 homodimer. The 
catalytic cycle of nitrogenase involves binding of the Fe protein to each αβ catalytic half 
of the MoFe protein, electron transfer followed by ATP hydrolysis, Pi release and 
eventually dissociation of the two proteins. This cycle has to be repeated eight 
consecutive times to reduce one molecule of N2.  
 The two catalytic halves of the MoFe protein had been considered to be 
independent of each other. The research presented here showed that there is negative 
cooperativity associated between the two catalytic halves of the MoFe protein. The 
results suggested that only one half of the MoFe protein is operative during the first 
turnover of the enzyme. 
 In order to understand the substrate reduction mechanism of nitrogenase, the 
study focused on two important enzymes of the biogeochemical nitrogen cycle: nitrite 
iv 
 
  
(NO2-) and nitrate (NO3-). Two intermediates of NO2- reduction were trapped by a 
remodeled nitrogenase (α-70Ala/α-195Gln MoFe protein) and characterized by advanced 
spectroscopic studies. These intermediates were found to be identical to the intermediates 
trapped during reduction of diazene (N2H2) and hydrazine (N2H4). The pathway for 
reduction NO2- to ammonia (NH3) was also proposed.  
 NO3- was established as a new substrate of nitrogenase. The advanced 
spectroscopic studies confirmed that the same two intermediates were trapped by the 
remodeled nitrogenase. Kinetic studies showed that two competing pathways lead to 
NO3- reduction by nitrogenase, a primary 2 e- reduction pathway to form nitrite and a 
secondary 8 e- reduction pathway to form NH3. The pathways for reduction of NO3- to 
NO2- and NH3 were proposed. 
 
(166 pages) 
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PUBLIC ABSTRACT 
Role of ATP Hydrolysis and Mechanism of Substrate Reduction in Nitrogenase  
 
Sudipta Shaw 
 
 
Nitrogen is essential for life on earth as it is a major constituent of amino acids 
and nucleic acids. Nitrogen gas (N2) is the most abundant form of nitrogen in the 
atmosphere but the strong N≡N bond makes it unavailable for most organisms. Certain 
prokaryotes known as diazotrophs possess the unique ability to convert N2 to ammonia 
(NH3) which can be utilized by other organisms as a source of nitrogen. The diazotrophs 
perform this difficult reaction with the help of a complex metalloenzyme, nitrogenase. 
This enzyme is a major contributor of the fixed source of nitrogen in the biogeochemical 
nitrogen cycle other than the industrial Haber-Bosch process. 
The research presented here has focused on nitrogenase isolated from a free living 
bacteria called Azotobacter vinelandii. Nitrogenase is composed of two components, the 
catalytic component with two halves known as the MoFe protein and the electron 
transferring protein also known as the Fe protein. These two proteins associate and 
dissociate multiple times to fix nitrogen. These events are coupled with transferring 
electrons and ATP hydrolysis. These events were studied during the course of this 
research and it was discovered that the two halves of the MoFe protein are negatively 
cooperative to each other. Apart from fixing nitrogen, nitrogenase is known to reduce 
other small molecules such as acetylene, nitrous oxide, nitrite etc. The other half of the 
vi 
 
  
research was focused on understanding the reduction mechanism of two key players of 
global nitrogen cycle, nitrite and nitrate by nitrogenase.  
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 CHAPTER 1 
INTRODUCTION 
 Nitrogen is a critical element for all living beings since it is an essential 
component of nucleic acids, proteins and various other biomolecules1. Despite its 
abundant availability in Earth’s atmosphere as dinitrogen (N2) gas, most organisms are 
incapable to metabolize this chemically inert molecule2,3. Therefore, most organisms use 
“fixed” forms such as ammonia (NH3) or nitrate (NO3-) to obtain their nitrogen4–6. The 
first step in the biogeochemical nitrogen cycle is conversion of N2 to NH3 also known as 
N2 fixation (Figure 1-1)4–8. This fixed ammonia can be utilized by various organisms as a 
source of reduced nitrogen. However, due to the presence of various nitrifying bacteria in 
soil, majority of the NH3 formed is converted to nitrate (NO3-), which can be used by 
 
 
 
 
 
 
 
Figure 1-1│The global nitrogen cycle. Overview of the nitrogen cycle of the earth, 
showing inter conversions of various forms of nitrogen. Nitrogen fixation is shown with 
red arrows. 
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plants and various microbes. At the same time, vast number of denitrifying bacteria 
convert this nitrate back to molecular nitrogen, thus cycling N2 in the atmosphere9.  
Biological nitrogen fixation (reduction of N2 to NH3) is only carried out by select 
group of microorganisms, known as diazotrophs10,11. These unicellular microbes either 
symbiotically associate with certain plants or live in soil or water as free living 
organisms. These diazotrophs contain a two component enzyme system called 
nitrogenase12,13, which catalyzes the reduction of molecular nitrogen to ammonia. 
Nitrogenase contributes approximately 60% of the fixed nitrogen in the global 
biogeochemical nitrogen cycle4,6,8,9. The remaining input of fixed nitrogen is mainly 
provided by the industrial Haber-Bosch method14,15. In this process, N2 and H2 react at 
very high temperature (~450°C) and pressure (>200 atm.) over an iron based catalyst to 
produce NH39. The requirement of a huge input of energy in this process has highlighted 
the need of understanding the biological N2 fixation carried out by nitrogenase at ~25°C 
temperature and ~1 atmospheric pressure16,17. Understanding the mechanism of biological 
nitrogen fixation would enable scientists to develop genetically engineered plants to fix 
their own nitrogen18–21 and in developing less energy intensive and more efficient 
synthetic catalysts22–24.  
There are three major types of nitrogenase based on the metal composition of the 
active site cofactor of the large component protein. The most widely studied form 
contains molybdenum and iron at the active site cofactor and is known as MoFe 
nitrogenase. One alternative form of enzyme contains vanadium and iron, known as VFe 
nitrogenase and the third contains only iron, known as FeFe nitrogenase16,17,25. MoFe 
3 
 
nitrogenase enzymes are coded by nif genes. Although there are sequence diversities in 
nif genes, these enzymes share some common structural similarities16,17. They all are 
composed of two component proteins, the large component is an α2β2 heterotetramer     
known as the MoFe protein and the small component known as the Fe protein is 
composed of α2 homodimer as determined by X-ray crytallography26–40. The Fe protein 
contains a [4Fe-4S] cluster and transfers electrons to the MoFe protein in a MgATP 
manner to reduce substrates. The MoFe protein contains two unique metal clusters: the 
[8Fe-7S] cluster, known as the P cluster and the M-cluster [7Fe-9S-C-Mo-(R)-
homocitrate], also known as FeMo-cofactor. The P cluster acts as a carrier of electrons 
from the Fe protein to the FeMo-cofactor of the MoFe protein. The electrons are 
accumulated on the FeMo-cofactor, the site of substrate binding and reduction. The 
present work is based on the MoFe nitrogenase, isolated from a free living aerobic 
microorganism, Azotobacter vinelandii41.  
Under physiological conditions, the Fe protein in its MgATP bound state is first 
reduced by one electron using flavodoxin or ferredoxin42,43. The reduced Fe protein then 
binds to one catalytic half of the MoFe protein (αβ-unit) which triggers the transfer of 
electron to the MoFe protein in an MgATP dependent manner as shown in eq 144–48.  
 N2 + 8e- + 8H+ + 16ATP              2NH3 + H2 + 16ADP + 16Pi (eq 1) 
 Fe protein: The Fe protein, also known as dinitrogenase reductase is an α2 
homodimer, encoded by nifH gene and has a molecular mass of approximately 64,000 
Da32. It has two nucleotide binding sites in each monomer and has one [4Fe-4S] cluster, 
bridging the two monomers (Figure 1-2). The role of Fe protein is to transfer electrons  
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Figure 1-2│Molybdenum based nitrogenase. Shown on the left is the nitrogenase 
complex containing an α2β2 heterotetrameric MoFe protein (middle) and two Fe proteins 
(top and bottom) (PDB ID: 2AFK). α-subunit of the MoFe protein in green and β-subunit 
in yellow, the Fe protein in pink. Two molecules of MgATP and the metal clusters of 
nitrogenase, showing the direction of electron flow (right) (12). 
Mg-ATP 
[4Fe-4S] 
P-cluster 
FeMo-cofactor 
e- 
e- 
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from its [4Fe-4S] cluster to the MoFe protein. Apart from delivering electrons to the 
MoFe protein, the Fe protein serves a role in maturation of the MoFe protein and it is also 
required for the assembly of the active site FeMo-cofactor of MoFe protein20.   
 Binding of two MgATP molecules bring conformational changes in the Fe 
protein27, which leads to the movement of the [4Fe-4S] cluster by ~5 Å towards the outer 
surface of the Fe protein. This eventually shortens the distance between it and the P-
cluster of the MoFe protein in a Fe-MoFe complex49. The binding of Mg-ATP to the Fe 
protein also causes a shift in Em of the [4Fe-4S]2+/1+ redox couple from -300 mV to -420 
mV50,51. The association and dissociation of the Fe protein to the MoFe protein involves 
electron transfer, ATP hydrolysis and release of phosphate16,52. A recent crystallographic 
study demonstrated that the Fe proteins undergoes a rolling motion over the surface of the 
MoFe protein53.     
 
 
Figure 1-3│Graphical representation of the Fe protein cycle. Shown on the top is the 
Fe protein with two bound ATP molecules and ½ MoFe protein. The bottom panel 
represents the [4Fe-S] cluster of the Fe protein, the P-cluster [8Fe-7S] cluster and the 
FeMo-cofactor (M) [7Fe-9S-Mo-C-homocitarte] of the MoFe protein. Eight catalytic 
cycles are required to reduce one molecule to N2. 
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 Fe protein cycle: In order to reduce substrate, the FeMo-cofactor of the MoFe 
protein has to accumulate multiple electrons. This is achieved by the transfer of electrons 
from the Fe protein to the MoFe protein in multiple cycles52. The first step involves the 
binding of reduced Fe protein with two bound MgATP molecules to the MoFe protein. 
The association of the Fe protein leads to conformational changes within the MoFe 
protein, allowing the transfer of one electron from the P-cluster to the FeMo-cofactor of 
the MoFe protein. The deficit of one electron in the P-cluster is then backfilled by the 
[4Fe-4S] cluster of the Fe protein. This two-step electron transfer event has been recently 
proposed as “deficit spending” model54. The transfer of an electron from the Fe protein to 
the P-cluster of the MoFe protein is coupled to ATP hydrolysis.   
 
 
Figure 1-4│Order of events in nitrogenase cycle. The data for ET (○), ATP hydrolysis 
(●), and Pi release (□) are plotted as a function of the logarithm of time. The protein-
protein dissociation is represented by a simulation (dashed green line) generated using the  
kinetic model with rate constants fixed at kET = 140 s-1, kATP = 70 s-1, and kPi = 16 s-1 55. 
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 One of the major advancements came in a recent study, which showed that it is 
not the hydrolysis of ATP but the binding of ATP, which allows the transfer of electron 
from the Fe protein to the MoFe protein by inducing conformational change within the Fe 
protein55. It is only after the transfer of electron from the Fe protein to MoFe protein that 
ATP hydrolysis takes place. Based on this discovery, the establishment of the order of 
events in nitrogenase catalysis was finally resolved as shown in Figure 1-4.   
 For a long time, it was believed that the rate-limiting step in nitrogenase catalysis 
is the dissociation of the Fe protein from the MoFe protein. A very recent work 
demonstrated that the phosphate release becomes rate-limiting when flavodoxin was used 
as a reductant instead of non-physiological reductant dithionite56. The new rate of 
protein-protein dissociation was found to be ≥700 s-1 which is significantly faster than 6  
 
 
Figure 1-5│Overview of nitrogenase catalysis showing Pi release as the rate limiting 
step. Only ½ MoFe protein is shown56. 
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s-1 when dithionite was used as a reductant. Despite the faster rate of dissociation, the 
order of events in nitrogenase catalysis remained same as demonstrated in Figure 1-556. 
 MoFe protein: The MoFe protein, also known as dinitrogenase is an α2β2 
heterotetramer with a molecular weight of approximately 240,000 Da. The α-subunit is 
encoded by nifD and the β-subunit is encoded by nifK genes respectively. Each αβ 
heterodimer can act as a catalytic unit and contains two novel metalloclusters; the 
electron carrier P-cluster [8Fe-7S] and the active site metallocluster, the M-cluster [7Fe-
9S-C-Mo-(R)-homocitrate], also known as FeMo-cofactor. The P-cluster is located 
between the α and β subunits and the FeMo-cofactor is entirely embedded in the α 
subunit (Figure 1-2)16,20.  
   
 
Figure 1-6│Structures of the P-cluster. The structures of the P-cluster [8Fe-7S] in the 
reduced (PN) and oxidized (POX) states are shown. The amino acid ligands of MoFe 
protein are also shown, with labeled α-88Cys and β-188Ser residues. Fe atoms 5 and 6 are 
labeled, the central sulfur atom is labeled as S1. The PDB files used were 3MIN for the 
PN state and 2MIN for the POX state52. 
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 P-cluster: The P-cluster is a unique Fe-S cluster composed of two linked [4Fe-
4S] clusters with a bridging µ6-sulfide (Figure 1-6). Apart from the typical cysteinate-S 
ligands, the P-cluster also contains serinate-O (β-188Ser) and amide-N (α-88Cys) ligands  
which are unique for any naturally occurring [Fe-S] clusters30,57. It has been shown 
previously that the P-cluster can attain different oxidation states as well as undergoes 
conformational changes upon oxidation (POX) from the dithionite reduced resting state 
(PN). The P-cluster was also observed to have all the Fe atoms in the ferrous oxidation 
state in the PN state (eq 2), as shown by Mössbauer spectroscopy58,59.  
   
The PN state can be oxidized by various oxidizers to form P1+, P2+ and the P3+ oxidation 
states58,60,61. The biologically relevant oxidation states are hypothesized to be P1+/N and 
P2+/1+ redox couple as the P3+/2+ redox couple is not reversible in vitro. The P1+ and P2+ 
states are paramagnetic in nature and thus can be monitored through EPR spectroscopy62, 
however these states are very difficult to detect from the nitrogenase turnover samples63. 
 M-cluster: The M-cluster or the FeMo-cofactor [7Fe-9S-C-Mo-(R)-homocitrate] 
is a complex metal cluster. The composition of this cluster is unique as it has a [4Fe-3S] 
sub cluster bridged to a [3Fe-Mo-3S] by a recently discovered interstitial carbon (C) 
atom64,65 at one corner and three bridging sulfides (Figure 1-7). The earlier attempts to 
identify the interstitial atom were not successful. The FeMo-cofactor also contains one 
molecule of R-homocitrate which is coordinated to the Mo atom. Several findings suggest 
that the FeMo-cofactor is the site of substrate binding and reduction66–69,69,70.  
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 MoFe protein cycle: In order to reduce N2, the FeMo-cofactor must accumulate 
eight electrons (eq. 1) and this is achieved by eight consecutive Fe protein cycles for one 
catalytic half of the MoFe protein. The process of accepting and accumulating electrons 
 
Figure 1-7│Structure of the iron-molybdenum (FeMo) cofactor of nitrogenase. 
by the MoFe protein was originally proposed by Thorneley and Lowe71. Based on their 
model, the number of electrons (and protons) accumulated by the MoFe protein is 
denoted by En (Figure 1-8, bottom cycle), where n = 0 to 8.  
Each catalytic half of the MoFe protein is capable of reducing N2, as shown in eq 
1. The two catalytic halves of the MoFe protein had been proposed to be independent of 
each other16,52. This proposal was based on several pre-steady kinetic studies showing 
that approximately four Fe proteins are required to saturate one MoFe protein for primary 
electron transfer event. It was also concluded that the purified Fe protein is always half 
active. However, a study performed on a nitrogenase system isolated from a different 
organism suggested a strong negative cooperativity between the two halves72. The 
chapter 2 of this dissertation focuses on probing the relationship between the two 
catalytic halves of the MoFe protein. 
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Figure 1-8│The catalytic cycles of Fe and MoFe protein. The Fe protein (top) and the 
MoFe protein (bottom) cycles are shown in three and eight states respectively. The [4Fe-
4S] cluster of the Fe protein (FeP) can exist in the 1+- reduced state (Red) or the 2+ 
oxidized state (OX). The Fe protein is shown with either two MgATP molecules or two 
MgADP with two Pi (ADP+Pi) bound states. Upon association of the Fe protein with the 
MoFe protein, electron transfer happens as shown in the bottom of the Fe protein cycle. 
The MoFe protein is sequentially reduced by one electron from the Fe protein as depicted 
in the MoFe protein cycle. The reduced states of MoFe protein is represented by En, 
where n is the total number of electrons transferred by the Fe protein. Acetylene (C2H2) is 
shown to bind at E2, N2 is shown to bind at E3 and E4. A molecule of H2 is displaced upon 
binding of N2. In the later E states, two ammonia molecules (NH3) are released52. 
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Mechanism of substrate reduction by nitrogenase: Two competing pathways 
for N2 reduction to NH3 have been considered for a long time by researchers. The "distal" 
(D) pathway was proposed by Chatt and Schrock which utilizes inorganic Mo complexes 
to cleave N2 and catalytically reduce N2 to NH32,23,73–78. According to this cycle, Mo acts 
as an active site metal and a single N of N2 is first hydrogenated in three consecutive 
steps to liberate one molecule of NH3. The remaining nitrido-N is reduced later by 3e- and  
 
 
Figure 1-9│Comparison of alternating (A) and distal (D) pathway of N2 reduction. 
FeMo-cofactor is represented by M. The addition of H+/e- to the substrates are specified 
by straight arrows80. 
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3H+ to yield the second molecule of NH3. The "alternating" (A) pathway is based on the 
hypothesis that Fe instead to Mo of FeMo-cofactor acts as an active site24,79. In this 
pathway, a diazene level intermediate is first formed after two hydrogenation steps which 
is then converted to a hydrazine level intermediate by two more hydrogenations. The first 
ammonia is only released by the fifth hydrogenation as shown in Figure 1-9. 
There are several arguments for the two pathways and for either Fe or Mo as the 
active site metal. The alternating pathway is supported by the fact that hydrazine can be 
reduced by nitrogenase and it also released during N2 reduction upon acid or base 
hydrolysis16,81–83. The computational study suggested that this pathway is favored for Fe 
as the reaction center79. The computational studies on Mo based inorganic complexes 
favor the D pathway73. However the fact that small W clusters reduce N2 by the A 
pathway84 and recent discoveries of Fe based catalysts for N2 cleavage and fixation85,86, 
weakens the argument for the D pathway.  
 A significant advancement in understanding the mechanism of substrate reduction 
in nitrogenase was made recently when it was found that binding of N2 to the FeMo-co  
 
Figure 1-10│Proposed model of E4 state of FeMo-co showing reductive elimination 
of metal hydrides and reduction of N2. The [4Fe-4S] face of the FeMo-co is shown 
with two bridging [Fe-H-Fe] hydrides. Binding of N2 leads to release of H2 through 
reductive elimination followed by prompt reduction of N2 to N2H2. 
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requires accumulation of four reducing equivalents in the form of two [Fe-H-Fe] bridging 
hydrides (Figure 1-10)87. The transient conversion of these bridging hydrides to terminal 
hydrides leads to the release of one H2 molecule by reductive elimination upon N2 binding 
and prompt reduction of N2 to N2H280. Further accumulation of electrons and protons 
leads to the formation of two NH3 molecules. 
 `Nitrogenase can reduce several substrates other than N2, such as acetylene 
(C2H2), hydrazine (N2H4), nitrous oxide (N2O) and nitrite (NO2-)88–91. It was found that 
remodeling the MoFe protein around the FeMo-co can alter the substrate specificity of 
nitrogenase. One such remodeled enzyme can reduce carbon dioxide (CO2) to methane. 
Changing two amino acid residues near the FeMo-co were particularly found to be 
responsible for altering the behavior of the MoFe protein, α-70Val and α-195His  (Figure 1-
11)52. The α-70Val acts a gate keeper which allows or denies the access of substrates to the 
FeMo-co. When α-70Val was mutated to smaller alanine (Ala), the variant form of the 
enzyme was found to reduce larger substrates such as propyne (C3H3), whereas 
substitution by larger isoleucine (Ile) at this position eliminated the ability to reduce all  
 
 
Figure 1-11│Active site of nitrogenase. FeMo-co is shown with α-70Val and α-195His 
residues. The remodeled α-70Ala and α-70Ile are also shown for comparison. 
α-70Val α-70Ala α-70Ile 
α-195His α-195His α-195His 
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 substrates except protons (H+)88. The α-195His acts as a proton donor and substitution with 
glutamine (Gln) severely affected N2 reduction. The doubly substituted α-70Ala/α-195Gln  
MoFe protein was found to trap intermediates derived from diazene and hydrazine 
reduction89,92,93. 
 Although nitrogenase was previously shown to reduce nitrite to ammonia91, the 
mechanism of this reaction was unknown. Another nitrogenous substrate nitrate had been 
ruled out to be a substrate or an inhibitor of nitrogenase. The work presented in chapter 3 
focuses on understanding the mechanism of reduction of nitrite (NO2-) by nitrogenase 
utilizing kinetic and advanced spectroscopic techniques. During the course of this study, 
it has been discovered that nitrate can inhibit proton reduction in several variants of 
nitrogenase MoFe protein. These variant MoFe proteins were also shown to reduce 
nitrate to form nitrite and ammonia. This work has been extended to understand the 
reaction mechanism of nitrate reduction by nitrogenase and is presented in chapter 4 of 
this dissertation.  
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CHAPTER 2 
NEGATIVE COOPERATIVITY IN THE NITROGENASE Fe PROTEIN 
ELECTRON DELIVERY CYCLE*  
 
ABSTRACT 
 Nitrogenase catalyzes the ATP-dependent reduction of dinitrogen (N2) to two 
ammonia (NH3) molecules through the participation of its two protein components, the 
MoFe and Fe proteins.  Electron transfer (ET) from the Fe protein to the catalytic MoFe 
protein involves a series of synchronized events requiring the transient association of one 
Fe protein with each αβ half of the α2β2 MoFe protein.  This process is referred to as the 
Fe protein cycle and includes: binding of two ATP to an Fe protein, association of an Fe 
protein with the MoFe protein, ET from the Fe protein to the MoFe protein, hydrolysis of 
the two ATP to two ADP and two Pi for each ET, Pi release, and dissociation of oxidized 
Fe protein-(ADP)2 from the MoFe protein.  Because the MoFe protein tetramer has two 
separate αβ active units, it participates in two distinct Fe protein cycles.  Quantitative 
kinetic measurements of ET, ATP hydrolysis, and Pi release during the pre-steady-state 
phase of electron delivery demonstrate that the two halves of the ternary complex 
between the MoFe protein and two reduced Fe protein-(ATP)2 do not undergo the Fe 
protein cycle independently. Instead, the data is globally fit with a two-branch negative-  
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Masaki Horitani, Amy R. Marts, Dmitriy Lukoyanov, Dennis R. Dean, Simone Raugei, 
Brian M. Hoffman, Lance C. Seefeldt, and Edwin Antony (2016) PNAS 113 (40), pp 
E5783–E5791. Copyright 2016 Proceedings of the National Academy of Sciences. 
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cooperativity kinetic model in which ET in one half of the complex partially suppresses 
this process in the other.  A possible mechanism for communication between the two 
halves of the nitrogenase complex is suggested by normal-mode calculations showing 
correlated and anti-correlated motions between the two halves.  
 
SIGNIFICANCE  
  Nitrogenase catalyzes N2 reduction to ammonia, the largest N input into the 
biogeochemical nitrogen cycle. This difficult reaction involves delivery of electrons from 
the Fe protein component to the catalytic MoFe protein component in a process that 
involves hydrolysis of two ATP per electron delivered. MoFe contains two catalytic 
halves, each of which binds an Fe protein. The prevailing picture has been that the two 
halves function independently. Here, it is demonstrated that electron transfer (ET) in the 
two halves exhibits negative cooperativity: Fe→MoFe ET in one-half partially suppresses 
ET in the other. These findings thus show that conformational coupling in nitrogenase not 
only gates ET within each half, as shown previously, but introduces negative 
cooperativity between the two halves.  
 
INTRODUCTION 
 The Mo-dependent nitrogenase, which catalyzes biological reduction of 
dinitrogen (N2) to two ammonia (NH3) molecules, comprises two component proteins 
called the MoFe protein and the Fe protein (1–4). The MoFe protein is a symmetric dimer 
of αβ units, each of which contains one active site FeMo-cofactor (FeMo-co; [7Fe-9S-
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Mo-C-R-homocitrate]), and an electron carrier P cluster ([8Fe-7S]) (Figure 2-1) (5, 6). 
The Fe protein is an α2 dimer with one redox-active [4Fe-4S] cluster and two ATP 
binding sites, one in each subunit (7). To initiate catalysis, a reduced Fe protein 
containing two bound ATP (Fered(ATP)2) transiently associates with each αβ half of the 
MoFe protein, creating a ternary [MoFe(Fered(ATP)2)2] complex with the two Fe proteins 
situated on opposite ends of the MoFe protein ~100 Å apart (Figure 2-1) (8–10). While 
an Fe protein is associated with the MoFe protein, it undergoes a sequence of events 
referred to as the “Fe protein cycle”.  The end result of this cycle is transfer of an electron 
from the Fe protein to the FeMo-co and hydrolysis of the two ATP molecules.  The order 
of the key steps during this cycle has only been established recently (11). The first step is 
ET with an observed rate constant of kET ~ 140 s-1 (12, 13). This process has been shown 
to occur in two steps: a conformationally gated ET from the P cluster to FeMo-co 
followed by rapid reduction of the oxidized P cluster by the Fered protein, with the two 
steps collectively referred to as ‘deficit spending’ ET (14). ATP hydrolysis then follows 
with an observed rate constant of kATP ~ 70 s-1, followed by events associated with Pi 
release, which occur with an overall rate constant kPi ~ 16-25 s-1 (11, 15, 16). This is 
followed by dissociation of the oxidized Feox(ADP)2 protein from the MoFe protein, 
which is seen to occur with a rate constant kdiss >700 s-1 when flavodoxin is the reductant, 
to complete the Fe protein cycle (16). This cycle must be repeated a minimum of 8 times 
on each αβ-half of the MoFe protein to provide the 8 electrons/protons necessary to 
reduce N2 to 2NH3 and 2H+ to H2 according to the minimal stoichiometry for each 
catalytic unit (1, 3, 4):  
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N2 + 8e- + 8H+ +16ATP → 2NH3 + H2 + 16 ADP + 16 Pi  (1) 
 
 The prevailing picture of these events is that the two halves of the 
[MoFe(Fered(ATP)2)2] complex function independently (1, 17, 18).  However, a previous 
kinetic study that examined electron delivery by Fered(ATP)2 isolated from one organism 
to MoFe from another organism (a heterologous complex) was inconsistent with this 
picture, and indicated a strong negative cooperativity between reactions at the two halves 
(19), a phenomenon in which reaction at one half of an enzyme to some extent suppresses 
reaction at the other. In the present work, quantitative kinetic measurements of ET, ATP 
hydrolysis, and Pi release in the pre-steady-state, as well as calculations of protein 
motion, establish whether the two halves of the physiologically relevant homologous 
[MoFe(Fered(ATP)2)2] complex between nitrogenase components derived from 
Azotobacter vinelandii indeed function independently or not.  
 
RESULTS AND DISCUSSION 
 ATP hydrolysis: The pre-steady-state time course for ATP hydrolysis that occurs 
after mixing of a large excess of ATP with a solution of Fered and MoFe protein (4:1 
ratio) is presented in Figure 2-2 (see also Figures 2-S1 and 2-S2 as controls). Based on 
the previously measured association rate constant and the protein concentrations 
employed, the binding of Fered and MoFe protein is rapid and not rate limiting (13). 
Experiments with a range of ATP concentrations (Figure 2-S3) confirmed that ATP 
binding, which is ~90% saturating at the concentrations used (20), is not rate limiting. 
Hence, the time course in Figure 2-2 represents the kinetics of ATP hydrolysis by the  
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Fig. 2-1.  Nitrogenase complex. (A) Ribbon diagram of the symmetrical ternary 
[MoFe(Fered (ATP)2)2] complex (PDB ID: 1G21) with the MoFe protein subunits in 
salmon (α subunits) and blue (β subunits) at the center with two Fe proteins (green) 
bound on each end. Distances between the ATP binding sites on one Fe protein and the P 
cluster, the interface on the opposite face and to the ATP binding sites on the other Fe 
protein are noted.  (B) A cartoon schematic of nitrogenase is shown with the [4Fe-4S] 
cluster of the Fe protein as red cubes in both Fe proteins, the P clusters as white 
rectangles and FeMo-co as white diamonds. The path of electron movement is denoted by 
arrows and the numbers (1) and (2) and indicate the order of electron transfer. 
 
complex [MoFe(Fered(ATP)2)2], as measured by ADP formation.  
 The ATP hydrolysis time course appears as two phases: rapid initial hydrolysis 
(exponential burst, t: 0 → ~40 ms) followed by a linear steady-state phase beyond 80 ms.  
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Fig. 2-2. Pre-steady state ATP hydrolysis.  Pre-steady state, quench-flow measurements 
of the time course of ATP hydrolysis by nitrogenase (μmol of ADP formed per μmol 
MoFe protein). The reaction was initiated by mixing MoFe protein (10 μM) against Fe 
protein (40 μM) with 32P-ATP (2 mM) with quenching at the noted times by addition of 
acetic acid.  ADP formed (●) was quantified as noted in the Materials and Methods. 
Panel A shows the time course up to 500 ms, while panel B shows the time course up to 
100 ms. The solid lines are a fit to a burst phase followed by a linear steady state (eq 2), 
where kATP = 38 s-1, A = 1.96 μM ADP/μM MoFe protein, and V = 11.8 μM ADP (μM 
MoFe)-1 s-1. 
 
Fitting the ATP hydrolysis data to a pre-steady-state exponential ‘burst’ followed by a 
steady-state rate gives a rate constant for the exponential phase of k = 38 s-1 with a 
steady-state rate of 12 s-1 (Figure 2-2). The pre-steady-state rate constant is roughly half 
the value we reported earlier (11), with the difference arising from a more efficient 
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quenching of the reaction by formic acid, rather than the EDTA quench used previously. 
The new value nonetheless remains consistent with the key finding of the earlier study: 
ATP hydrolysis follows ET (11). The rate constant for the linear phase (12 s-1) is 
consistent with the turnover number of nitrogenase for substrate reduction with dithionite 
as the reductant (21).   
 Although the value for the rate constant for ATP hydrolysis was as expected, the 
quantity of ATP hydrolyzed per MoFe protein in the initial phase was well below the 
expected 4 ADP formed for independent reaction of the two halves of the 
[MoFe(Fered(ATP)2)2] complex.  The fit of the ATP hydrolysis data to the two-phase 
model yields an amplitude of A = 1.96 ± 0.31 ADP/MoFe protein for the number of ATP 
hydrolyzed in the pre-steady-state phase (Figure 2-2), approximately half the value of 4 
ATP/MoFe protein that would be expected if the two Fe proteins within the 
[MoFe(Fered(ATP)2)2] complex functioned independently.  
 Sub-stoichiometric ATP hydrolysis might have been explained by the presence of 
~ 50% inactive Fe protein, as suggested in earlier studies (15, 22). However, this 
interpretation was later withdrawn by Clarke et al.(22), who instead attributed sub-
stoichiometric electron transfer to ‘complex behavior’ with completely active proteins. In 
keeping with this revised interpretation, our analytical procedures demonstrate that the 
nitrogenase used here is fully active (> 95%) based on its purity, metal content, ATP 
binding stoichiometry, and substrate reduction specific activity. Thus, sub-stoichiometric 
ADP formation is a genuine aspect of catalysis: ATP hydrolysis is about half of what is 
expected if both bound Fe proteins proceeded through the cycle simultaneously.  
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 Stopped-flow ET: Given the observation that only ~2 ATP are hydrolyzed within 
the [MoFe(Fered(ATP)2)2] ternary complex in pre-steady-state when hydrolysis of 4 ATP 
would be expected if both Fe proteins bound to the MoFe protein proceeded 
independently (Figure 2-2), we sought to quantify the corresponding number of electrons 
transferred during the pre-steady-state phase.  If the two bound Fe proteins acted 
independently, and each transferred one electron in the initial event, then transfer of two 
electrons should be observed.  
 
 
Fig. 2-3. Electron transfer kinetics.  Pre-steady state, stopped-flow measurements of the 
absorbance change at 430 nm (left ordinate) for ET from Fered to MoFe protein within the 
[MoFe(Fered(ATP)2)2] complex. Red line, result of global fit to negative cooperativity in 
Figure 2-4, Scheme C, using the derived rate constants listed; right ordinate, 
stoichiometry of reduction derived from Scheme C.  Conditions: MoFe protein (10 µM) 
is mixed with Fe protein (37.5 µM) in a ratio of ~1:4 with 10 mM MgATP in a stopped-
flow spectrophotometer.  
 
 The time course of the ET reaction was monitored by observing the increase in 
the absorption at 430 nm associated with oxidation of the [4Fe-4S] clusters of the Fe 
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proteins bound in the [MoFe(Fered(ATP)2)2] complex, as formed in the mixing dead-time 
(Figure 2-3).  An exponential rise to maximum is observed, with a rate constant of kET 
~140 s-1, in agreement with earlier reports (12, 13), and our finding that ET precedes ATP 
hydrolysis (see above) and Pi release in the ‘Fe-protein’ cycle (11). At later times, in 
steady-state, this absorbance difference actually decreases as released Feox is re-reduced 
and the system passes into a steady-state ratio of Feox/Fered. 
 Unfortunately, the ET stopped-flow experiment cannot be used to count the 
number of electrons transferred, because the change in extinction coefficient upon 
oxidation of (Fered(ATP)2 is not known with adequate accuracy, with values between 
3800 and 8400 mM-1 cm-1 having been reported (24–28). As a result, we adopted an 
alternative counting strategy.  
 
 Rapid-freeze quench ET: EPR was used to quantify the number of electrons 
transferred by monitoring the resulting loss in intensity of the S = 3/2 signal of the 
resting-state FeMo-co (denoted MN) upon reduction to the EPR silent, singly-reduced 
FeMo-co state. To capture the pre-steady-state event, a rapid-freeze quench (rfq) 
approach was employed (22, 28, 29). Previous rfq studies reported a rapid decrease in the 
MN EPR signal to about 40% of the resting value after 10 ms, followed by a plateau that 
lasted until ~ 100 ms, and then a decrease in the intensity to about 10% remaining signal 
by 1 s (22, 28, 29). Initially, the puzzling observation of only partial reduction of FeMo-
cofactor in the initial phase was explained by assuming that the Fe protein was only half 
active. The later studies, which determined that the Fe protein used was fully active (22),  
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thus left the observation of partial reduction of the two FeMo-co in the pre-steady-state 
unexplained.   
 
 
Fig. 2-4. Kinetic Schemes. (Scheme A) Independent-sites model: each half of the 
[MoFe(Fered(ATP)2)2] complex functions independently. (Scheme B) Half-sites 
reactivity model: one half of the complex undergoes electron delivery, and in so doing 
completely suppresses electron delivery in the other half. (Scheme C) Negative 
cooperativity model: Rate constants listed on the scheme were obtained by freely floating 
these parameters in the global fit to the differential equations of the Scheme (SI) as 
described in text; parentheses contain the statistical 95% confidence limits (). Also as 
described, redox state of the s and p halves of MoFe protein are not indicated as electron 
delivery is independent of MoFe protein reduction level. Recharging (bottom): Simplified 
scheme in which Fered(ATP)2 is regenerated  by rapid reduction of Feox and ATP binding 
and MoFe protein binding Fered(ATP)2 in a single second-order step for binding of 
Fered(ATP)2 to MoFe at the reported second-order rate constant,  k1 = 5x107 M-1s-1,(19)  
as the overall process is almost instantaneous relative to the other reactions in the 
Scheme. 
 
 We re-examined the ET quantitation using rfq. Figure 2-S4 presents the results 
for rfq-EPR measurements in which a solution of Fe protein and MoFe protein at a ratio 
of 4:1 was rapidly mixed with ATP to initiate the reaction, then rapidly frozen after a 
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variable time delay (30).  If the pre-steady-state ET measured spectroscopically after 
rapid mixing represented a ‘simple’ ET process characterized by the rate constant 
measured by stopped-flow and involving both of the FeMo-cofactors in the complex, the 
MN EPR signal should essentially vanish after ~ 30-40 ms (Figure 2-3). Instead, in the 
rfq experiments, at 35 ms after initiation of reaction, the amplitude of the FeMo-cofactor 
EPR signal has only decreased to ~40% of its initial intensity, and the intensity remains 
between 40-50% out to 100 ms (Figure 2-S4A).  By 35 ms, the S = 3/2 signal from 
FeMo-cofactor that has been doubly reduced (denoted the E2(2H) state) starts to appear.  
These two signals (MN and E2(2H)) were decomposed as described previously into their 
sums (Figure 2-S4B) (28, 31). Interestingly, the E2(2H) signal that has appeared by 35 
ms accounts for ~ 20 % of the total through 100 ms, roughly in accordance with the 
predictions of the traditional kinetic model Thorneley and Lowe (21). We thus conclude 
that the ‘half-reactivity’ seen here and first seen by Clarke et al. (22) is intrinsic to the 
function of fully active nitrogenase. The observation that only one of the two FeMo-co is 
reduced in the pre-steady-state parallels the observation that half of the expected ATP 
molecules are hydrolyzed in the pre-steady-state. Both suggest that electron delivery 
involves only one of the two bound Fe proteins.  
 
 Pi release: Pi release was reported to occur with a rate constant of ~17 s-1, 
consistent with this release following ET and ATP hydrolysis (11).  This process has now 
been reexamined quantitatively. A plot of Pi released per [MoFe(Fered(ATP)2)2] complex 
versus time (Figure 2-S5) gives a rate constant similar to the earlier reported value (15).  
However, the quantitation (Figure 2-S5) now shows that only ~ 1.6 Pi are released per 
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complex after ~140 ms, consistent with the hydrolysis of only ~2 ATP during the pre-
steady-state.   
   
 
Fig. 2-5. ATP hydrolysis data fits.  Pre-steady state, quench-flow measurements of the 
time course of ATP hydrolysis by rapidly mixing MoFe protein (10 μM) and Fe protein 
(40 μM) with 32P-ATP (2 mM) (●). Dashed black line: Half-Sites model, Scheme B, 
using rate constants, kET = 140 s-1, kATP = 36 s-1, kPi = 16 s-1, koff = 11.9 s-1, as derived from 
the phenomenological fits to the experimental data, along with the recharging model; 
Solid Black Line: Independent-sites model, Scheme A, calculated analogously; Red line: 
calculated from the rate parameters obtained by the global fit to negative cooperativity 
Scheme C, as given in the scheme. Inset:  data and simulations to longer times. 
 
 In aggregate, the stoichiometry for ATP hydrolysis, number of electrons  
transferred, and the stoichiometry of Pi release are consistent with only one of the two  
bound Fe proteins in the complex proceeding through the Fe protein cycle in the pre- 
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steady-state, while the other Fe protein in the ternary complex does not independently 
initiate an Fe protein cycle.  
 
 
Fig. 2-6. Kinetic Schemes with Negative Cooperativity manifest at Tiers 1, 2: 
Simplified Negative Cooperativity Schemes with branching between primary (p) and 
secondary (s) branches at Tiers 1, 2. As a notable simplification discussed in text, along 
the p-Branch, the complex exhibits half-sites reactivity. When ET occurs in the second 
half this generates the s-Branch where the two halves of the complex react. When this 
branching ET occurs at Tier 1 in competition with ATP hydrolysis, the two halves of the 
resulting symmetrical s-Branch complex react synchronously in subsequent steps along 
the reaction pathway. When ET in the second half occurs at Tier 2, in competition with Pi 
release, the second half undergoes prompt ATP hydrolysis to again create a symmetrical 
s-Branch complex, and the two halves subsequently react synchronously. Tier 3 follow  
straightforwardly. 
 Kinetic analysis: To explain the above stoichiometric measurements revealing 
that the pre-steady-state amounts of ATP hydrolysis, electron transfer, and Pi release all 
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are about ½ of the values expected if the two halves of the nitrogenase complex were 
working independently, we attempted to globally fit the ATP hydrolysis, ET, and Pi 
release data to alternative models. A model in which the two halves of the complex  
operate independently with the observed rate constants for the individual steps is shown 
in Figure 2-4, Scheme A.  As can be seen in Figure 2-5, such a model fits the pre-
steady-state ATP hydrolysis data poorly, exhibiting an unsatisfactory overestimate of the 
number of ATP hydrolyzed at every time. This finding, together with the observation of 
roughly half the expected ET, ATP hydrolysis, and Pi release stoichiometry suggests, 
instead, a model where the two halves of nitrogenase exhibit negative cooperativity (32).  
 The extreme of negative cooperativity is incorporated in a model with “half-sites” 
reactivity (32–34), wherein the second site is completely prevented from reacting until 
the events on the first side are complete (Figure 2-4, Scheme B). The fit of ATP 
hydrolysis data to such a half-sites model (Figure 2-6) is distinctly different, but no 
better, than the independent sites model, in that the half sites model significantly 
underestimates the number of ATP hydrolyzed at all times up to 100 ms.   
 The failure of either limiting scheme, independent sites or half-sites, to describe 
the pre-steady-state ATP hydrolysis data led us to explore ‘negative cooperativity’(34) 
kinetic schemes in which electron delivery in one half of the complex partially 
suppresses, but does not necessarily completely abolish, the Fe protein cycle (ET, ATP 
hydrolysis, and Pi release) in the second half.  It is not possible to establish a complete 
global kinetic scheme that simultaneously describes the progress curves for each step in 
the entire electron delivery process: ET; ATP hydrolysis; Pi release; and finally release of 
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Feox(ADP)2. A complete scheme that incorporates all of these steps would also need to 
include every combination of redox state for the two FeMo-co of MoFe protein, and 
every combination of redox and nucleotide states for the two Fe proteins. That would 
require far more rate constants than can be determined from the three progress curves.  
As a further complication, recent structural observations (35) suggest that the two ATP 
molecules within a single Fe protein are probably hydrolyzed in a sequential manner as 
well. 
 We therefore examined simplified negative-cooperativity models with the goal of 
capturing the essential phenomena underlying the observations reported here.  We 
considered kinetic schemes in which a randomly selected primary Fered(ATP)2 undergoes 
ET, which suppresses ET from the other, secondary, Fered(ATP)2. This secondary ET 
becomes partially allowed (lesser ET rate constant; negative cooperativity) after one of 
the three steps (three tiers) of the electron delivery process for the initiating Fered(ATP)2: 
(Tier 1) immediately after the primary ET; (Tier 2) after the follow-up primary ATP 
hydrolysis; and (Tier 3) after the primary Pi release; Figure 2-6 illustrates the approach 
for Tiers 1, 2. At each Tier, the partially allowed ET event in the secondary half of the 
complex occurs in competition with the corresponding reaction that follows ET in the 
primary half (e.g., ATP hydrolysis in Tier 1). Such competition divides the kinetic 
scheme into two branches, the primary (p)-Branch, where only the primary half of the 
complex carries outs the electron delivery process (half-sites reactivity), and the 
secondary (s)-Branch, where both halves undergo electron delivery.  
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 Of these three models, only the Tier 1 model (presented in full in Figure 2-4, 
Scheme C) produced excellent global fits to the progress curves for ET, ATP hydrolysis, 
and Pi release. In this model, the initiating electron delivery to one FeMo-co within the 
[MoFe(Fered(ATP)2)2] ternary complex induces conformational changes that partially 
suppress ET on the second half, with the secondary ET in competition with hydrolysis of 
ATP in the initiating half of the complex. This competition causes the scheme to partition 
into the two branches. The complexes where the ‘primary’ half of the complex proceeds 
through ATP hydrolysis and Pi release without ET in the ‘secondary’ half, follow the p-
Branch which exhibits half-sites reactivity. The complexes where the second ET occurs 
before ATP hydrolysis in the primary half follow the s-Branch of the scheme, in which 
both halves undergo electron delivery. On this branch of the model, the two halves of the 
complex are taken to undergo synchronous ATP hydrolysis, Pi release, and dissociation 
of Feox (ADP)2.  
 Figures 2-3, 2-5, and 2-S5 show that the unconstrained global fit of the progress 
curves for ET, ATP hydrolysis, and Pi release to the Tier 1 negative cooperativity model 
(Figure 2-4, scheme C; corresponding differential equations in SI) provides an excellent 
description of all three measurements, and this fit furthermore captures the half-sites-like 
behavior in the rfq measurements of FeMo-co reduction (Figure 2-S4). The 
‘microscopic’ rate constants obtained in the global fit to Scheme C are listed in the 
scheme. Necessarily, none of these correspond directly to the rate constants reported 
above for the individual phenomenological fits. However, as one of the tests of Scheme 
C, we explored a constrained version in which the rate constant for the initiating ET step 
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was fixed at the phenomenological rate constant that describes the ET progress curve of 
Figure 2-3, kET(p) = 140 s-1. This constrained version failed.  
 Given that the X-ray structure of the ternary structure of MoFe protein plus two 
Fe proteins with non-hydrolyzable ATP analogues is symmetric (10), we assume  ET first 
occurs randomly within one half of the symmetric [MoFe(Fered(ATP)2)2] complex. This 
process is conformationally gated (14), and one plausible source of negative cooperativity 
would be that the ‘gate opening’ on one half induces conformational changes that make it 
the primary (p) half, while generating conformational constraints that act to inhibit ‘gate 
opening’ on the other half, now the secondary (s) half. The inhibition of events in the 
second half could take other forms, for example by preventing the second Fe protein from 
achieving the catalytic binding state. However, each variation would manifest in identical 
kinetic described by Figure 2-4, Scheme C.   
 The global fit to Figure 2-4, Scheme C describes the initiating ET process by a 
‘microscopic’ rate constant, kET(p) = 267 s-1, nearly double the overall phenomenological 
ET rate constant. If the initiating ET in the p half of the complex is followed by ATP 
hydrolysis in that half, this step occurs with rate constant, kATP(p) = 62 s-1, and it creates a 
‘p-Branch’ of the scheme, in which p hydrolysis is followed by release of this primary Pi, 
without electron delivery by the secondary Fered(ATP)2. In short, along the p-Branch of 
Scheme C, the ‘gate’ on the secondary half remains closed during the entire sequence of 
steps in electron delivery on the primary half of the complex.  
 However, ATP hydrolysis along the p-Branch of Scheme C competes with ET 
‘leakage’ in the secondary (s) half of the complex. Within the illustrative picture 
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developed in the preceding paragraph, we imagine that the gating conformational changes 
that initiate ET in the primary half also inhibit (negative cooperativity), but do not 
preclude gate-opening and ET in the secondary half. The global fit to Scheme C yields as 
the rate constant for s-half ET in competition with p-half ATP hydrolysis, kET(s) = 37 s-1, 
roughly one-fourth the phenomenological rate constant and one-seventh the initiating ET 
rate constant that defines the p-half of the complex.  
 This ‘leakage’ ET reaction in the s half of the complex generates a symmetrical 
complex in which ET has occurred in both halves, with both halves ready to undergo 
ATP hydrolysis and the following steps. At this point, the model has captured the 
phenomenon – and consequences – of negative cooperativity. To complete the kinetic 
scheme for the ET process in the most general way would require more rate constants 
than can be characterized by the present measurements. Therefore, as a simplification that 
does not compromise the essence of the negative cooperativity, the Scheme assumes that 
this state proceeds along the s-Branch of the Scheme with synchronous ATP hydrolysis 
and Pi release in the two halves of the complex. The branching ratio for following p/s 
branches is kATP(p) / kET(s) = 62/37 ~ 1.7/1 in favor of p-branch ATP hydrolysis and Pi 
release, over secondary ET and traversal of the s-Branch. The partitioning between 
branches with one and two electrons transferred, p and s branches, respectively, 
corresponds to (1.7/(1.7+1)) ~ 63% of  the complexes following the p-Branch, ~37% 
following the s. To quantify the energetics of negative cooperativity associated with 
suppression of the second ET event, we may define a free energy of negative 
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cooperativity, ΔGneg., induced by the initial ET step in terms of the ratio of the secondary 
to primary ET rate constants, 
 ΔGneg = -RT ln(kET(s)/kET(p)) = -RT ln(37/267) ~ + 1.2 kcal/mol   (3) 
 
 While Scheme C clearly captures the key negative cooperativity displayed by the 
electron-delivery process, it is perhaps worth emphasizing that each branch of the kinetic 
Scheme C contains a major simplification. On the p-Branch of the scheme, it is the 
assumption that once hydrolysis has occurred in the p half of the complex, electron 
delivery within the s half of the complex is completely suppressed and the p half of the 
complex proceeds to release 2Pi followed by dissociation of the Feox(ADP)2, with 
subsequent re-association of  a Fered(ATP)2 to reinitiate the process. The p-Branch thus 
exhibits the limiting behavior: half-sites reactivity.  
 However, if Tier 1 ET does occur in the second half of the complex, generating a 
symmetrical MoFe protein in which both FeMo-cofactors have been reduced, this follows 
the s-Branch of the scheme, whose major simplification is the assumption that the two 
halves of the complex progress together synchronously through their Fe protein cycles. 
ATP is synchronously hydrolyzed in both halves of the complex, again with a lower rate 
constant for this step than in the p-Branch. Likewise, on this branch the release of Pi and 
dissociation of Feox(ADP)2 occur synchronously in the two halves, and do so with rate 
constants that both differ from those in the p-Branch and from the observed rate constant.  
 Unlike both the independent-sites and limiting half-sites models, the global fit to 
the negative cooperativity model, with rate parameters listed on Scheme C, reproduces 
the measurements of ATP hydrolysis extremely well (Figure 2-5). The number of ATP 
   46 
 
hydrolyzed prior to steady state is a weighted average of that number in the two branches: 
2 ATP/MoFe protein for the p-Branch and 4 for p + s. The weights are determined by the 
branching ratio derived within this model. This ratio in fact, is governed by the extent of 
ATP hydrolysis prior to steady-state. With the fit value of 63% of the complexes 
following the p-Branch, 37% the s-Branch, as calculated above, then according to the 
model ~ 2.7 ATP/MoFe protein are hydrolyzed during the pre-steady-state phase. This 
analysis highlights the excellent consistency of the global fit with experiment, as follows.  
Not only does the progress curve for ADP formation calculated with Scheme C 
correspond well with that observed (Figure 2-5), but also the hydrolysis of ~ 2.7 
ATP/MoFe protein would result from ET by 1.35 Fered(ATP)2, which in fact corresponds 
to the number calculated for the pre-steady-state stopped-flow measurement of ET 
(Figure 2-3).  
 Although the release of Feox(ADP)2 is incorporated in Scheme C of Figure 2-4, 
experimental observations of this process could not be included in our global fit because 
dissociation cannot be measured during turnover; Feox(ADP)2 undergoes ‘recharging’ to 
Fered(ATP)2 during the turnover experiment, and thus does not accumulate during 
turnover. However, the slope of the linear, steady-state ATP hydrolysis is controlled by 
and defines the Feox(ADP)2 release rate. The Scheme C fitting process yielded a rate 
constant of 13 s-1 for the release of one Feox(ADP)2 in the p-Branch. Statistically, the rate 
constant for release of two Feox(ADP)2 in the s-Branch is poorly defined, but, the slope in 
the heuristic fit corresponds to the weighted average of these constants for Feox(ADP)2  
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Fig. 2-7. Correlated movement of the two Fe proteins. (A) Covariance matrix (in Å2) 
showing the correlation between the displacement of amino acid residues in ATP-bound 
Fe protein nitrogenase complex. For sake of clarity, the matrix is divided into quadrants 
corresponding to the various possible subunit pairs (see Figure 2-1). Regions of 
correlated (in-phase) and anti-correlated (out-of-phase) motions are shown in red and 
blue, respectively. The regions of cross correlation between the two Fe proteins (upper 
right corner) are highlighted with dotted boxes. (B) Collective motion corresponding to 
the rocking motion of the Fe protein on the MoFe protein surface is depicted.  The 
position of the Fe proteins (green) in the ADP-bound structure (PDB: 2AFI) is shown as 
a faded cartoon representation. The length of the arrows is proportional to the 
displacement of the amino acid residues obtained through coarse-grained normal mode 
analysis.  
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and the slope in that fit, ~ 11 s-1, indicates that release in the s-Branch is indeed the 
slowest process in the Fe protein cycle.  
 From the excellent ability of the Scheme C model to reproduce experimental 
results, it is clear that, despite its simplifications, the model in fact captures the essence of 
the negative cooperativity manifested in the ATP hydrolysis progress curves, whereas 
any model with a ‘finer-grained’ treatment would introduce an untreatable number of  
highly correlated parameters as noted above. The three rate constants derived from the 
phenomenological fits to the kinetic progress curves for ET, ATP hydrolysis, and Pi 
release are revealed to be weighted composites of the differing rate constants associated 
with the two branches. 
 One incidental outcome of the application of Scheme C is a correlation between 
the observed absorbance changes at 430 nm upon ET from Fered to FeMo-co and the  
extent of ET, which yields a value for the change in extinction coefficient associated with 
oxidation of Fered.  In Figure 2-3, the left ordinate is the observed absorbance change at 
430 nm as measured during ET in the SF experiment, and the right ordinate is the 
stoichiometric value for the number of Fe proteins oxidized as calculated from the rate 
constants obtained in the global fit to Scheme C. Correlation of the two scales yields an 
estimate for the total change in extinction coefficient for that Fe protein at 430 nm of Δ 
= 3700 M-1 cm-1. 
 
 Mechanism to impose negative cooperativity: For ET in one half of the 
[MoFe(Fered(ATP)2)2] complex to suppress ET in the other half, which is manifested as 
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negative cooperativity, demands conformational changes whose influences are felt across 
the protein complex, over 135 Å (Figure 2-1).  A mechanism for how the two halves of 
nitrogenase might communicate is suggested from a coarse-grained modeling of large-
amplitude vibrational motions of the protein complex. A covariance analysis of the 
displacement of amino acid residues reveals a cross correlation between the motion of the 
two Fe proteins (Figure 2-7) suggesting that the motion of one of the two Fe proteins 
causes a response at the other spatially distant Fe protein and vice-versa. The observed 
correlation holds for the complexes with Fe(ATP)2, Fe(ADP)2, and the mixed ATP/ADP 
complex. The vibrational normal mode contributing most to such correlation (Figure 2-
S6) shows highest overlap with the conformational change from the ATP bound Fe 
protein to the ADP bound structures of nitrogenase (Figure 2-S7). This normal mode 
corresponds to an out-of-phase rocking motion of the Fe proteins on the surface of the 
MoFe protein. When the Fe protein in one site (A) moves toward the location of the 
ADP-bound Fe protein, the other Fe protein moves in the opposite direction, toward the 
location (B) of ATP-bound Fe protein, on the opposing end of the MoFe protein (Figure 
2-7). Such a model is consistent with a rolling of an Fe protein across the MoFe protein 
surface, as suggested from X ray structures of nitrogenase complexes trapped in different 
nucleotide states (10). Relevant to this study is the earlier report that the maturation of the 
P clusters within the MoFe protein appears to occur in a stepwise fashion, with one side 
maturing before the other (36). This could be another manifestation of properties of one 
half of the MoFe protein being modulated by events on the other half. 
 
 
   50 
 
CONCLUSIONS 
 The present work establishes that the Fe protein cycle within the physiologically 
relevant, homologous [MoFe(Fe(ATP)2)2] ternary complex is indeed ‘complex’, as 
recently concluded by Clarke et al. for a non-physiological heterologous complex (22). 
The two-branch, negative-cooperativity kinetic scheme (Figure 2-4, scheme C) assumes 
that the ET event within one functional half of the symmetrical dimer induces 
conformational changes that allow ATP hydrolysis and subsequent steps in this primary, 
p, half of the complex, while allosterically suppressing, but not eliminating, electron 
transfer to FeMo-co in the other (secondary, s) half. The global fit of this kinetic model to 
the pre-steady-state progress curves for ET, ATP hydrolysis, and Pi release provides an 
excellent description of all three measurements, while capturing the ‘half-sites’ behavior 
in the rfq measurements of FeMo-co reduction (22, 28, 29) reproduced in the present 
experiments. 
 The analysis presented above emphasizes that this two-branch scheme is highly 
simplified, and it is unlikely to be unique, although other simplified variants we explored 
gave distinctly poorer descriptions. Nonetheless its ability to globally and quantitatively 
describe the multistep kinetics of electron delivery within the ternary complex suggests 
that the Figure 2-4, Scheme C model indeed captures the essential elements of negative 
cooperativity in ET, ATP hydrolysis, and Pi release observed in the pre-steady-state for  
nitrogenase. 
 As a measure of the energetics of negative cooperativity, we have defined a free 
energy of negative cooperativity induced by the tier 1 primary ET step through the ratio 
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of the secondary to primary ET rate constants: ΔGneg = -RT ln(kET(s)/kET(p)) ~ +1.2 
kcal/mol. Considering that MoFe is a protein of ~245,000 Da, the small magnitude of 
ΔGneg implies a remarkably subtle allosteric coupling between the two halves of the 
enzyme. A possible mechanism for this negative allosteric control is suggested by a 
normal mode analysis of MoFe protein showing correlated motions between the two 
MoFe protein αβ halves.  
 The utility of negative cooperativity in the nitrogenase mechanism is not obvious, 
just as there are no cases of substantiated advantages of this phenomenon in other 
enzymes (32–34, 37). That said, it can be imagined that when the events on one side are 
communicated to the other side, this may facilitate conformational changes that 
contribute to unidirectional electron flow from the Fe protein to the FeMo-cofactor, or 
that favor the dissociation of the discharged Fe protein.  
 
MATERIALS AND METHODS 
 Materials, buffers, protein purification, and activity assays. All reagents, unless 
stated otherwise, were purchased from Sigma Aldrich Chemicals (St. Louis, MO). 32P-
ATP radionucleotide was purchased from Perkin Elmer (Waltham, MA, USA). 
Nitrogenase proteins were expressed and purified from Azotobacter vinelandii strain 
DJ995 (wild-type MoFe protein with His tag), and DJ884 (wild-type Fe protein) as 
described previously (38). Septum sealed vials, degassed and under an argon atmosphere, 
were used for all manipulation of proteins. Gastight syringes were used to transfer all 
gases and liquids. The purity, metal content, and specific activity of the two nitrogenase 
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proteins were consistent with fully active proteins. Proton, acetylene, and N2 reduction 
specific activities were determined at 30°C as reported.   
 
 Quench-flow studies for ATP hydrolysis. Pre-steady state ATP hydrolysis 
(ATPase) assays were conducted at 25ºC on a rapid chemical quench-flow instrument 
(KinTek Corp., Austin, TX) housed in a nitrogen-filled glove box (< 5 ppm O2) as 
described previously (11). ATPase experiments were carried out in buffer containing 50 
mM MOPS buffer, pH 7.4 with 10 mM sodium dithionite. A 18 μL volume of 20 μM 
MoFe protein and 80 μM Fe protein in syringe A was mixed with a 18 μL volume of 
ATP (0.5, 1, 2, 4, or 6 mM), 8 mM MgCl2 containing 1.5 μCi [α-32P]ATP  in syringe B, 
followed by varying aging times from 0 to 0.5 sec. Reactions were rapidly quenched by 
addition of 45 μL of 0.7 N formic acid added from syringe C.  Aliquots (0.9 μL) of the 
quenched reactions were spotted onto a thin layer chromatography (TLC) plate (EMD 
Chemicals, New Jersey) and developed in 0.6 M potassium phosphate buffer, pH 3.4 for 
70 min, air dried and exposed overnight to a phosphorimaging screen. The [α-32P]ATP 
and the [α-32P]ADP were quantified with a Storm PhosphorImager (Molecular Dynamics, 
Sunnyvale, CA) with the ImageQuant software (Molecular Dynamics, Sunnyvale, CA) 
(11).  
  
 SF ET measurements. Primary electron transfer from the Fe protein to the MoFe 
protein was measured at 25°C using SF spectrophotometry. All mixtures were prepared 
in 100 mM MOPS, pH 7.4 and were kept under an argon atmosphere. One syringe 
contained 80 µM Fe protein, 20 µM MoFe protein, 10 mM DT. The other syringe was 
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loaded with 10 mM DT and 20 mM MgATP. As turnover occurred in the 
[Fered(MgATP)2-MoFe] complex, the oxidation of the [4Fe-4S] cluster of the Fe protein 
was monitored by an increase in absorbance at 430 nm. Data were fit to a single 
exponential curve. 
  
 Rapid freeze-quench (RFQ) EPR ET measurements. Anaerobic enzyme and 
substrate solutions were loaded into sample loops of an Update RFQ Instrument in a Coy 
glove box containing an atmosphere of N2 with 5% H2. RFQ samples prepared by rapidly 
mixing a 210 µL volume of a solution of 200 µM MoFe protein and 800 µM Fe protein 
with a 210 µL solution containing 50 mM ATP, 58 mM MgCl2, 78 mM phosphocreatine, 
0.2 mg/mL creatine phosphokinase, 1.3 mg/mL bovine serum albumin, and 50 mM 
sodium dithionite. Both solutions were prepared in 200 mM MOPS buffer at pH 7.4. 
After rapid mixing and passage through a calibrated delay line at 22C, samples were 
collected by rapid-freezing on counter-rotating copper wheels at liquid N2 temperature. 
Teflon scrapers were positioned to remove the frozen solution from the wheels, and the 
resulting powder was collected in liquid nitrogen and packed into X-band EPR tubes. 
Control samples were collected by rapidly mixing the MoFe- and Fe-protein solution 
with 200 mM MOPS buffer containing 50 mM sodium dithionite, at pH 7.4. 
 The MoFe and Fe proteins are isolated in buffers containing ~350 mM NaCl and 
500 mM NaCl, respectively. This results in significant concentrations of NaCl being 
carried over into the EPR samples with a final concentration of ~200 mM NaCl in the 
RFQ-EPR samples. As nitrogenase has been shown to be inhibited by high 
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concentrations of NaCl (30), we buffer exchanged the MoFe protein into 50 mM MOPS 
buffer at pH 7.4 containing 150 mM NaCl and exchanged the Fe protein into 50 mM 
MOPS buffer at pH 7.4 containing 50 mM NaCl. This resulted in a final concentration of 
~27 mM NaCl in the RFQ samples. 
 The X-band EPR spectra of each sample were collected at 4 K and 0.5 mW 
microwave power on an ESP 300 Bruker spectrometer equipped with Oxford ESR 900 
cryostat. The reduction of the S = 3/2 FeMo-co resting-state was quantified by comparing 
the amplitude of 1a EPR signal at g2 = 3.66 to the amplitude of the RFQ control samples 
prepared in the absence of MgATP. 
 Pi release kinetics. The time-course of phosphate release was determined in a 
stopped-flow instrument (Auto SF-120, Kintek Corp, Austin, TX) using the coumarin (N-
[2-(1-maleimidyl)ethyl]-7-(diethylamino) coumarin-3-carboxamide) (MDCC) labeled 
phosphate binding protein assay, as described. Prior to each experiment, the stopped flow 
(SF) syringes and flow lines were treated with a Pi-MOP (SF-buffer with 300 µM 7-
methylguanine (7-meG), and 0.2 units/mL purine nucleoside phosphorylase) for 15 min 
to remove contaminating Pi and then were rinsed with SF-buffer (11).  2 µM MoFe 
protein and 8 µM Fe protein were rapidly mixed with a solution of 10 µM MDCC-PBP, 
20 mM MgCl2 and 3 mM ATP and the change in fluorescence was monitored over time. 
A control time course, conducted without nitrogenase, was used to correct for the 
presence of contaminating phosphate. MDCC-PBP fluorescence enhancement was 
converted to [Pi] after calibration in the SF using [NaH2PO4] standards as described (11).  
Data were fit as described below. 
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 Phenomenological fitting of data. The quenched flow ATP hydrolysis data were  
fit using a phenomenological description that incorporated an exponential rise phase plus 
a linear steady-state phase:  
  [ADP] = A(1 - e-kt) + Vt,       (eq 2) 
where A and k are the pre-steady-state amplitude and rate constant, respectively, V is the 
velocity of the linear phase, and t is reaction time. 
 
 Global fitting of data. Global fits of ATP hydrolysis, Pi release, and ET kinetic 
traces to half sites or negative cooperativity models were conducted using numerical 
integration in MATLAB with the built-in function lsqcurvefit (see methods in the 
Supplementary Information section). The numerical integrations employed the MATLAB 
ode45 solver, which uses the explicit Runge−Kutta (4,5) formula, Dormand−Prince pair 
(41). The 95% confidence intervals for the kinetic parameters were calculated with the 
built-in nlparci function in MATLAB and are presented along with the parameters. 
  
 Normal mode analysis. To characterize the mechanical aspects of the long time 
scale dynamics of the nitrogenase complex, a normal mode vibrational analysis based on 
the anisotropic Gaussian network model was performed (40, 41), where the nitrogenase 
complex was represented by beads centered at the position of the alpha carbons. The 
details of these calculations are provided elsewhere (42). The presence of the various 
cofactors (iron/sulfur clusters, nucleosides, and homocitrate) was considered by adding 
extra beads as follows. (i) For the cubane of the Fe protein and the P-cluster, a bead was 
placed at the geometric center of each cluster; (ii) for the FeMo-co two beads were 
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added: one at the center of the Fe1, Fe2, Fe3, and Fe4 tetrahedron and the other at the 
center of the Fe5, Fe6, Fe7, and Mo tetrahedron; (iii) the homocitrate was described by a 
bead at its geometric center; and (iv) finally, ATP and ADP were modeled with three 
beads located at the center of the adenine ring, the ribose ring and the phosphate groups. 
The dynamical properties of the nitrogenase complex with and without these cofactors 
(i.e. with and without these extra beads) as quantified by the covariance analysis are very 
similar. Different choices of the location of the beads also gave consistent results. The 
calculations were performed on the crystal structure of the complex between the Fe 
protein and the MoFe protein from Azotobacter vinelandii with an ATP analog and ADP 
bound to the Fe protein [protein data bank (PDB) ID codes 2AFK and 2AFI, 
respectively] (8, 10). As previously discussed (42), the model is able to reproduce 
faithfully the relative magnitude of the experimental X-ray beta factors, creating 
confidence that the approach is able to describe the overall large amplitude motions of the 
nitrogenase complex. 
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APPENDIX 
 
SUPPORTING INFORMATION 
 
NEGATIVE COOPERATIVITY IN THE NITROGENASE Fe PROTEIN 
ELECTRON DELIVERY CYCLE 
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METHODS 
 Kinetic Modeling to Scheme C: Numerical fitting with Scheme C involved 
evaluation of the corresponding system of differential equations using a MATLAB 
numerical integration routine written at Northwestern University. 
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FIGURES 
 
 
Fig. 2-S1. Comparison of normalized and raw ATP hydrolysis by nitrogenase when 
quenched with EDTA versus formic acid. 10 μM MoFe protein and 40 μM Fe protein 
were rapidly mixed with 1 mM 32P-ATP as described in Materials and Methods and 
quenched with either 0.7 N formic acid (○) or 0.25 N EDTA (●). (A) shows the normalized 
data from these experiments where the amount of ADP hydrolyzed is displayed as 
[ADP]/[MoFe]. Only 2 μM ADP per MoFe protein are hydrolyzed in the burst phase of the 
reaction. (B)The zoomed in data up to 0.1 s is shown and points to inadequate quenching 
of nitrogenase activity by EDTA. (C) and (D) show the raw data (not normalized to MoFe 
concentration) is shown to represent the good signal-to-noise ratio we observe in these 
experiments. These data show that EDTA is a poor quencher for earlier time points and 
should not be used for quench flow experiments and that our current design of experiments 
clearly point to the stoichiometry of ATP used within the burst phase of hydrolysis. 
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Fig. 2-S2. ATP hydrolysis control experiments. ATP hydrolysis by the MoFe protein 
alone (○) and the Fe protein alone (◊) in comparison to hydrolysis by the MoFe+Fe protein 
complex (●). No hydrolysis of ATP is observed when one of the proteins is not present in 
the complex. These data show that no background hydrolysis of ATP is observed when the 
entire nitrogenase complex is not present in our experiments. 
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Fig. 2-S3. ATP concentration dependence of ATPase and ET.  Panel A shows pre-
steady state, quench-flow measurements of the time course of ATP hydrolysis by 
nitrogenase (μmol of ADP formed per μmol MoFe protein) monitored by rapidly mixing 
MoFe protein (10 μM) and Fe protein (40 μM) with varying concentrations of 32P-ATP 
(0.25 – 3 mM) [final concentrations post-mixing are noted] (●). The solid lines are a 
phenomenological description of the data: [ADP] = A(1 - e-kt) + k2t. Panel B is a plot of k 
versus [ATP] and yields a K1/2 of 0.227 mM ATP. Panel C shows pre-steady state, SF 
measurements of the absorbance change at 430 nm for ET from Fered to MoFe within the 
pre-formed [MoFe(Fered(ATP)2)2] complex at various ATP concentrations. Data are fit to 
a single exponential to rise and the obtained ET rate are plotted versus [ATP] in Panel D 
and yields a K1/2 of 0.38 ± 0.04 mM ATP, Vmax = 143 ± 4 s-1, and mo = 6 ± 1 x105 M-1 s-1. 
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A       B 
 
 
 
Fig. 2-S4. RFQ Studies. Intensities of the E0 1a signal and E2 species 1b calculated from 
decompositions of the experimental spectra. (Black) t = 0 spectrum of E0 obtained by rfq 
mixing of E0 with buffer. (Red, Blue) First and second shots in which Fe protein (800 
μM) and MoFe protein (200 μM) at a ratio of 4:1 was rapidly mixed with ATP (50 mM).  
These experiments were carried out after both Fe and MoFe protein had been exchanged 
into lower salt buffer to minimize the NaCl concentration in the rapid-freeze quench 
experiment. The association of the Fe protein with the MoFe protein is known to be 
inhibited by NaCl concentrations above 400 mM.30 EPR conditions: temperature, 3.8 K; 
microwave frequency, 9.365 GHz; microwave power, 0.5 mW; modulation amplitude, 13 
G; time constant, 160 ms; field sweep speed, 40 G/s. (B) Time course for the reduction of 
the S = 3/2 FeMo-co EPR signal (1a) and for the appearance of the 1b signal as measured 
in the RFQ-EPR experiment. Intensities are those of the 1a signal at g = 3.66 (●) and the 
formation of the E2 species 1b at g = 3.76 (■) as calculated from decompositions of the 
experimental spectra as indicated in panel A). Solid lines to guide the eye; dashed line is 
the prediction of kinetic Scheme C.   
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Fig. 2-S5. Pi release from nitrogenase. Pi release is monitored by the increase in 
fluorescence from the binding of phosphate to the phosphate binding protein as a function 
of time. (Red Line): result from a global fit of the data to the negative cooperativity 
model of Figure 2-5, Scheme C with the parameters shown in the scheme. 
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Fig. 2-S6. Correlated movement of the two Fe proteins. Graphical representation of 
the correlation between the motion of the Fe protein 1 (Fe1) and the rest of the 
nitrogenase complex. Regions of correlation and anti-correlation are enclosed by red and 
blue surfaces respectively. The extent and the color scale of the surfaces correspond to 
the average of the values of covariance matrix elements (See Figure 2-7) for Fe1. 
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Fig. 2-S7. Lowest frequency normal modes of the ATP bound Fe protein nitrogenase 
complex and their overlap with the unit vector corresponding to the conformational 
change from the ATP bound Fe protein to the ADP bound Fe protein nitrogenase 
complex as determined from the corresponding crystallographic structures. Normal 
modes 8 and 10 are those that mostly contribute to the conformational change observed in 
the crystallographic structures. The individual contribution of the four slowest normal 
modes to the global motion of the nitrogenase complex is 4.9% (mode 7), 3.8% (mode 8), 
2.5% (mode 9), and 1.4% (mode 10). 
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CHAPTER 3 
NITRITE AND HYDROXYLAMINE AS NITROGENASE SUBSTRATES: 
MECHANISTIC IMPLICATIONS FOR THE PATHWAY OF N2 REDUCTION
* 
 
ABSTRACT 
 Investigations of reduction of nitrite (NO2-) to ammonia (NH3) by nitrogenase 
indicate a limiting stoichiometry, NO2- + 6e- + 12ATP + 7H+ → NH3 + 2H2O + 12ADP + 
12Pi. Two intermediates freeze-trapped during NO2- turnover by nitrogenase variants and 
investigated by Q-band ENDOR/ESEEM are identical to states, denoted H and I, formed 
on the pathway of N2 reduction. The proposed NO2- reduction intermediate 
hydroxylamine (NH2OH) is a nitrogenase substrate for which the H and I reduction 
intermediates also can be trapped. Viewing N2 and NO2- reductions in light of their 
common reduction intermediates and of NO2- reduction by multiheme cytochrome c 
nitrite reductase (ccNIR) leads us to propose that NO2- reduction by nitrogenase begins 
with the generation of NO2H bound to a state in which the active-site FeMo-co (M) has 
accumulated 2 [e-/H+] (E2), stored as a (bridging) hydride and proton. Proton transfer to 
NO2H and H2O loss leaves M-[NO+]; transfer of the E2 hydride to the [NO+] directly 
forms HNO bound to FeMo-co, avoiding formation of the M-[NO] thermodynamic  
 
*Coauthored by Sudipta Shaw, Dmitriy Lukoyanov, Karamatullah Danyal, Dennis R. 
Dean, Brian M. Hoffman, and Lance C. Seefeldt (2014) J. Am. Chem. Soc. 136 (36), pp 
12776–12783. Copyright 2014 American Chemical Society. Reprinted with Permission. 
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‘sink’. The N2 and NO2- reduction pathways converge upon reduction of NH2NH2 and 
NH2OH bound states to form state H with [-NH2] bound to M. Final reduction converts H 
to I, with NH3 bound to M. This study supports a N2 fixation mechanism in which 
liberation of the first NH3 occurs upon delivery of 5 [e-/H+] to N2, but a total of 7 [e-/H+] 
to FeMo-co when obligate H2 evolution is considered, and not earlier in the reduction 
process. 
 
INTRODUCTION 
 Nitrogenase, the metalloenzyme that catalyzes the reduction of dinitrogen (N2) to 
two ammonia (NH3) molecules, is the source of biologically fixed nitrogen within the 
biogeochemical N cycle.1 The Mo-dependent nitrogenase comprises the MoFe protein, 
which contains the iron-molybdenum cofactor (FeMo-co) active site, and the Fe protein, 
which transfers electrons to the MoFe protein in a reaction coupled to the hydrolysis of 
MgATP.2,3 In addition to ‘fixing’ N2, nitrogenase catalyzes the reduction of protons to form 
dihydrogen (H2) and also catalyzes the reduction of a number of small, non-physiological 
substrates.2 Several of the non-physiological substrates, and intermediates that form during 
their reduction by nitrogenase, have been extensively studied as probes of substrate 
interaction with FeMo-co.2,4  
 Alkyne substrates, such as acetylene (C2H2),5 represent perhaps the best-
characterized alternative nitrogenase substrates, but react quite differently from N2 in that 
they predominantly accept only two [e-/H+] to form alkenes, whereas N2 accepts six [e-
/H+] to form two NH3, in a reaction that includes obligatory H2 production.6,7,4 Thus, N2 
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reduction catalyzed by nitrogenase exhibits an optimal stoichiometry in which eight [e-
/H+] are consumed, equation 1.  
N2 + 8e- + 16ATP + 8H+ → 2NH3 + H2 + 16ADP + 16Pi  (1) 
 The obligatory H2 evolution, uniquely associated with N2 binding, is reversible,7,4 
as evidenced by the observation that H2 is a competitive inhibitor of N2 reduction,8 and 
by the formation of C2DH3/C2H2D2 during turnover under an atmosphere of 
N2/D2/C2H2.4,9   
 Nitrite (NO2-) was previously reported as an alternative nitrogenous substrate for 
nitrogenase.10 As a six-electron substrate that contains a single N atom and yields NH3 as 
a reduction product, we surmised that it would be instructive to explore the catalytic 
pathway for NO2- reduction. Fundamental to the comparison of this pathway with that of 
N2 reduction is whether NO2- reduction, like that of N2, produces H2, and thus obeys the 
eight [e-/H+] stoichiometry of eq 1. Instead, it is shown here that NO2- reduction requires 
six [e-/H+], together with an additional proton, to generate one NH3 and two H2O, 
equation 2,    
NO2- + 6e- + 12ATP + 7H+ → NH3 + 2H2O + 12ADP + 12Pi (2) 
a finding that implies distinct differences in the early stages of nitrogenase reduction of 
the two substrates.   
 The relationships between the full pathways for nitrogenase reduction of N2 and 
NO2- have been addressed by freeze-quench trapping of intermediates formed during 
NO2- reduction using wild-type nitrogenase and remodeled nitrogenases having amino 
acid substitutions.3,11 Intermediates trapped in this way have been characterized by Q-
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band ENDOR/ESEEM spectroscopies and compared to intermediates previously 
identified and characterized for N2 reduction by the same approach.7,4  
 The finding that eq 2 describes NO2- reduction by nitrogenase also suggested the 
utility of comparisons with the six-electron reduction of this substrate by the multi-heme 
enzyme cytochrome c nitrite reductase (ccNIR), whose catalytic mechanism has been 
deduced through the elegant studies by Neese, Einsle, and coworkers.12–15 The 
identification of intermediates in NO2- reduction by nitrogenase revealed analogies with 
NO2- reduction by ccNIR that led to the prediction that hydroxylamine (NH2OH), like 
N2H4,7,4 would be a nitrogenase substrate, likewise reduced to NH3. We therefore tested 
the capacity of nitrogenase to use NH2OH as substrate, trapped and characterized NH2OH 
reduction intermediates, and asked if H2 is an inhibitor of NH2OH reduction.   
 The findings of this study have implications for the pathway of N2 fixation by 
nitrogenase that are derived from parallels with the pathways for NO2- reduction by 
nitrogenase and by ccNIR. 
 
MATERIALS AND METHODS 
 Materials and protein purification: All reagents used were purchased from 
Sigma-Aldrich (St. Louis, MO), unless stated otherwise. 15N sodium nitrite and 
hydroxylamine were purchased from Cambridge Isotope Laboratories, Inc. (Andover, 
MA). Azotobacter vinelandii strains DJ995 (wild-type MoFe protein), DJ884 (wild-type 
Fe protein), DJ1310 (MoFe protein α-70Val residue substituted by Ala), DJ1316 (α-70 Val 
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residue substituted by Ala and α-195 His residue substituted by Gln) were grown and 
nitrogenase proteins were expressed and purified as described.16 
 Proton, dinitrogen, nitrite and hydroxylamine reduction assays: Activity assays 
were performed in 1-mL liquid volumes in serum vials with 9 ml of total volume for 
various times at 30℃ in an assay buffer containing a MgATP and a regenerating system 
(5 mM ATP, 30 mM phosphocreatine, 100 mM MOPS, pH 7.0, 1.2 mg/mL bovine serum 
albumin, 0.2 mg/mL creatine phosphokinase, 6 mM MgCl2, and 9 mM dithionite). Unless 
stated otherwise, reactions utilized 0.1 mg of MoFe protein and were initiated by the 
addition of 0.5 mg of Fe protein, and were quenched by the addition of 300 mL of 400 
mM EDTA. H2 was quantified by analyzing the gas phase by gas chromatography as 
previously described.16 Nitrite and hydroxylamine reduction assays were carried out in 
the same buffer system except that 30 mM substrate was added before adding the 
proteins. Ammonia was quantified by a fluorescence method described before17 with 
some modifications. A 25 µL aliquot of the postreaction solution was added to 1 mL of a 
solution containing 20 mM phthalic dicarboxyaldehyde, 3.5 mM 2-mercaptoethanol, 5% 
(v/v) ethanol, and 200 mM potassium phosphate, pH 7.3, and allowed to react in the dark 
for 30 min. Ammonia was detected by fluorescence (λexcitation/λemission of 410 nm/472 nm) 
and quantified by comparison to an NH3 standard curve generated using NH4Cl. The 
specific activities of the MoFe proteins were corrected based on the concentration of Mo 
in each protein. The Mo content was determined using a colorimetric assay as described 
previously.18 
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 EPR/ENDOR/ESEEM spectroscopy: Variable-temperature X-band CW EPR 
spectra measurements were performed on a Bruker ESP 300 spectrometer equipped with 
an Oxford ESR 900 cryostat. Q-band ENDOR and ESEEM spectra were recorded at 2 K 
on CW19 and pulsed20,21 spectrometers. In both cases, the Q-band spectrum appears as the 
absorption envelope, rather than its derivative as in conventional EPR.  The ENDOR 
response for an I = 1/2 nucleus (1H, 15N) at a single orientation in a magnetic field 
presents a doublet centered at the nuclear Larmor frequency and split by the hyperfine 
coupling. The ReMims pulsed ENDOR sequence [π/2-τ1- π/2-T(rf)- π/2- τ2- π-(τ1+ τ2)-
detect]22 was used in this work for detection of 15N nuclei.  This technique allows the use 
of short preparation interval τ1 and broadens the range of hyperfine values that can be 
studied without distortions associated with the three pulse Mims ENDOR sequence.23 
 As in previous work,24 in the three pulse ESEEM [π/2- τ - π/2-T- π/2- τ-detect] 
sequence employed in this work for the study of non-Kramers (S > 1) centers,25–27 the 
intensity of the echo is measured with varied T time at fixed τ, with appropriate phase-
cycling to avoid unwanted features in the echo envelope. Spectral processing of time-
domain waveforms includes subtraction of the relaxation decay fitted by a bi-exponential 
function, apodization with Hamming window, zero filling and fast Fourier transformation 
performed with Bruker WIN-EPR software. 
 
RESULTS 
 Nitrite and hydroxylamine reduction and trapping. Vaughn and Burgess earlier 
demonstrated that nitrogenase reduces NO2- to yield NH3 and two H2O.10 They assumed, 
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without proof, that nitrogenase carries out this six-electron chemical process through the 
delivery of six electrons and seven protons to FeMo-co (eqn 2). They further reported 
that NO2- inhibited proton reduction to H2 catalyzed by nitrogenase via two mechanisms: 
inactivation of the Fe protein and by diversion of electron flow away from H2 formation 
and toward NO2- reduction. Here, we examined the ability of the α-70Ala and α-70Ala/ α-
195Gln MoFe protein variants to reduce NO2-, comparing these results to those for wild-
type MoFe protein. Substitution of α-70Val by Ala in the MoFe protein has been shown to 
allow larger compounds to be substrates, and substitution of α-195His by Gln has been 
shown to increase the population of trapped intermediates.3,11,28  As shown in Figure 3-1, 
wild-type and α-70Ala MoFe proteins catalyze the reduction of N2 or NO2- at comparable  
 
 
Figure 3-1. Reduction of N2 and NO2- to NH3 catalyzed by nitrogenase. The specific 
activity for electron pairs transferred to N2 or NO2- is shown for wild-type, α-70Ala, and α-
70Ala / α-195Gln MoFe proteins. Conditions: 1 atm for N2 or 30 mM for NO2- at 30°C. 
Specific activity was corrected to the Mo content in each protein. 
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rates, consistent with rates reported previously for the wild-type enzyme.10 It is notable 
that the α-70Ala MoFe protein catalyzed the reduction of NO2- at rates significantly higher 
than the rate observed for N2 reduction. In contrast, the α-70Ala/ α-195Gln MoFe protein 
shows a much lower rate of N2 or NO2- reduction when compared to the wild-type or α-
70Ala proteins. The doubly substituted protein also shows a higher rate of NO2- reduction 
compared to N2 reduction.   
 Consistent with earlier reports,8 H2 was found to inhibit N2 reduction in the wild-
type MoFe protein (Figure 3-2A). This inhibition reflects the equilibrium between N2 
binding and H2 release that is proposed to be associated with the reductive elimination of  
 
 
Figure 3-2. H2 inhibition of N2 and NO2- reduction. Panel A: H2 inhibition of N2 
reduction in wild-type, α-70Ala, and α-70Ala / α-195Gln MoFe proteins. Conditions: 0.2 atm 
N2 with 0.8 atm Ar (black) and 0.2 atm N2 with 0.8 atm H2 (gray). Panel B: Absence of 
H2 inhibition of NO2- reduction in wild-type, α-70Ala, and α-70Ala /α-195Gln. Conditions: 1 
atm argon (black) or 1 atm H2 (gray) and 30 mM nitrite. Specific activity is corrected by 
the Mo content in the MoFe proteins. Substrate concentrations were selected near the 
established Km values. 
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H2 upon N2 binding.4 The release of H2 leads to the enzymological requirement that eight 
electrons/protons be delivered to FeMo-co in order to achieve the six-electron reduction 
of N2 to two NH3, eq 1. The competitive binding of N2/H2 is an equilibrium process, and 
so added H2 competes with N2 binding and inhibits NH3 production. As seen in Figure 3-
2A, H2 also inhibits N2 reduction in the α-70Ala MoFe protein. Under these conditions of 
low N2 partial pressure, the rates of N2 reduction in the α-70Ala/α-195Gln MoFe protein are 
below the detection limit. In contrast to these results, H2 does not inhibit NO2- reduction 
for the wild-type or either of the two MoFe protein variants (Figure 3-2B). For these 
studies, a substrate concentration near the Km for N2 and NO2- was used, with H2 between 
0.8 and 1 atm. Similar studies were conducted at a lower NO2- concentration (0.8 mM), 
with no observed inhibition by H2 of ammonia formation (data not shown).        
 
 
Figure 3-3. Reduction of N2 and NH2OH by nitrogenase. The specific activity for 
reduction of N2 and NH2OH to ammonia is shown for wild-type, α-70Ala, and α-70Ala/α-
195Gln MoFe proteins. Conditions: 1 atm pressure of N2 or 30mM NH2OH. 
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The absence of H2 inhibition is interpreted to indicate that NO2- binding is not in 
equilibrium with H2 release, and that the six-electron reduction of NO2- indeed 
involvesthe delivery of six [e-/H+] (plus an additional proton) to FeMo-co, as shown in eq 
2. NH2OH has not previously been reported to be a substrate for nitrogenase. In Figure 
3-3 it is shown that NH2OH is a substrate for wild-type nitrogenase and is reduced to NH3 
at rates similar to the rates of N2 reduction. In the α-70Ala MoFe protein, the rate of 
reduction of NH2OH is higher than the rates of N2 reduction catalyzed by any of the 
proteins examined. In the α-70Ala/ α-195Gln MoFe protein, NH2OH reduction rates were 
higher than N2 reduction rates.  Like nitrite, H2 did not inhibit NH2OH reduction rates. 
 Characterization of trapped states. Attempts to trap EPR active intermediates 
during reduction of NO2- by the wild-type nitrogenase were not successful. In contrast,  
    
 
Figure 3-4. Absorption display Q-band CW EPR of α-70Ala/ α-195Gln MoFe protein in the 
resting state (black) and trapped during turnover in the presence of nitrite (red). 
Conditions: microwave frequency, ~35.0 GHz; modulation amplitude, 1 G; time constant, 
128 ms; field sweep, 67G/s; T = 2 K. The asterisk denotes a signal from traces of Mn2+.  
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Q-band CW EPR spectra of the α-70Ala/ α-195Gln MoFe protein treated with NO2- show 
small perturbations of the resting-state FeMo-co EPR signal (S = 3/2). The absence of 
any 15N ENDOR signals when 15NO2- is added suggests that the substrate at most is 
weakly interacting with FeMo-co (data not shown). 
 EPR spectra of the α-70Ala/ α-195Gln MoFe protein freeze-quenched during 
turnover in the presence of NO2- (Figure 3-4) or NH2OH (Figure 3-S1) show complete 
loss of the resting state signal and the appearance of signals from two EPR-active species: 
a broad integer-spin (S ≥ 2) signal in low magnetic field and a narrow S = 1/2 signal in 
high field. These spectra are similar to those of states H and I previously trapped during  
 
 
Figure 3-5. X-band EPR spectra of α-70Ala/ α-195Gln MoFe protein turnover samples 
prepared with hydrazine (black), nitrite (red) and hydroxylamine (green) substrates. 
Conditions: microwave frequency, 9.36 GHz; microwave power 10 mW; modulation 
amplitude, 7 G; time constant, 160 ms; field sweep, 20 G/s. Spectra are normalized to the 
same amplitude for comparison. 
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turnover of the α-70Ala/ α-195Gln MoFe protein in the presence of hydrazine, diazene or 
methyldiazene.29,30 Those species were thoroughly studied by a variety of paramagnetic 
resonance spectroscopic methods and assigned as E7 and E8 states, respectively, of the 
Lowe-Thorneley (LT) kinetic scheme for N2 fixation.2 
 As can be seen in Figure 3-5, the T = 4 K X-band EPR spectra of the S = 1/2 
states formed during NO2- and NH2OH turnovers are identical to those of the I 
intermediate trapped during turnover of several N-substrates (e.g., N2H4). Measurements 
at other temperatures show that the spectra when NO2- or NH2OH are used as substrates 
arise from two conformers, as previously observed for the I intermediate.29 These  
 
 
Figure 3-6. 1H CW ENDOR spectra comparison of α-70Ala/ α-195Gln MoFe protein 
hydrazine (black), nitrite (red), and hydroxylamine (green) turnover samples prepared in 
H2O; included is a signal from a representative intermediate trapped during turnover in 
D2O, formed with hydrazine substrate (blue). Conditions: microwave frequency ~35.0 
GHz; modulation amplitude, 2.5 G; time constant, 64 ms; bandwidth of RF broadened to 
100 kHz; RF sweep, 1 MHz/s, 50-80 scans; T = 2 K. 
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conformers have slightly different g-tensors and exhibit very different relaxation 
properties: a fast-relaxing conformer with g1 = 2.09, whose EPR could be observed 
unsaturated in X-band, T = 4 K (Figure 3-5); a slowly-relaxing conformer with g1 = 2.10, 
is easily observable in X-band EPR spectra at higher temperatures and in CW Q-band 
spectra at lower temperatures. 
 The non-Kramers, S ≥ 2, EPR signals seen in the low-field regions of Figures 3-4 
and 3-S1 are unresolved, as is true for the intermediate, H, which forms on the pathway 
of N2 reduction.30 Such featureless spectra cannot be used to correlate the 
intermediatesreported here for NO2- and hydroxylamine turnover with H. 
 
 
Figure 3-7. ReMims 15N ENDOR spectra of S = 1/2 intermediates trapped during 
turnover of α-70Ala/ α-195Gln MoFe protein in the presence of various 15N labeled 
substrates: hydrazine (black), diazene (blue), nitrite (red) and hydroxylamine (green). 
Conditions: microwave frequency ~ 34.8 GHz; ReMims sequence, π/2 = 30 ns, τ1 = 200 
ns; RF 40 µs; repetition time, 10 ms (20 ms for hydroxylamine sample); 500–900 scans; 
T = 2 K. 
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ENDOR/ESEEM studies: CW ENDOR spectra of the S = 1/2 NO2- and NH2OH 
intermediates reveal the presence of protons that have a hyperfine coupling of ~ 7 MHz, 
Figure 3-6, in addition to signals from less strongly coupled protons. As shown, the full 
pattern is indistinguishable from that of I, and, in particular, the 7 MHz signals are 
indistinguishable from those of exchangeable protons of the I intermediate, which were 
assigned to an NH3 derived from hydrazine bound to FeMo-co. 
 
 
Figure 3-8. Q-band NK-ESEEM spectra in time (left) and frequency (right) domains 
obtained for integer spin intermediates of α-70Ala/ α-195Gln MoFe protein turnover 
samples prepared with diazene (black), nitrite (red) and hydroxylamine (green). Upper 
spectra were measured for 14N substrate samples, lower – for samples with 15N labeled 
substrates. Conditions: microwave frequency ~34.8 GHz; π/2 = 50 ns, 30 ns time steps; 
repetition time 10 ms, 10 shots/point for diazene turnovers and 2 ms, 50 shots/point for 
other turnovers, 200–300 scans; T = 2 K. Time-waves are shown after decay baseline 
subtraction. Triangles in the frequency domain spectra represent suppressed frequencies 
n/τ, n = 1, 2, … 
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 As illustrated in Figures 3-7 and 3-S2, the ReMims 15N Q-band ENDOR spectra 
taken at g ~ g2 for 15NO2- and 15NH2OH turnover samples each show a hyperfine-split 15N 
pattern centered at the 15N Larmor frequency identical to that observed for the I 
intermediate trapped during turnover of 15N labeled other nitrogenous substrates.29 
Spectra collected for the two new substrates at points along their EPR envelope likewise 
are identical to those of I (Figure 3-S2), whose complete 2D field-frequency plot of 15N 
spectra was simulated as arising from a single 15N atom directly coordinated to FeMo-co 
with hyperfine tensor A = [1.0, 2.8, 1.5] MHz.  
 Taken together, the EPR, 1H, and 15N pulse ENDOR spectra of the S = 1/2 
intermediates of NO2- and NH2OH turnover identify both of these species as identical to 
the I intermediate previously seen for other nitrogenous substrates, and assigned to the E8 
state in the LT scheme, which has ammonia product bound to FeMo-co. Thus, both the 
‘N-N’ nitrogenous substrates and the ‘N-O’ substrates, NO2- and NH2OH, give rise to I, 
assigned as the E8 state with NH3 bound to FeMo-co.7,4,29,30  
 The non-Kramers (NK) state H trapped for the α-70Ala/ α-195Gln protein during 
reduction of hydrazine, diazene and methyldiazene was assigned by means of Q-band 
ESEEM spectroscopy as an integer-spin state corresponding to the E7 state of the LT 
scheme, formed subsequent to N-N bond cleavage and with an NH2 fragment of substrate 
bound to FeMo-co.30 We therefore carried out ESEEM measurements on the NK EPR 
signals trapped during NO2- and NH2OH turnover, Figures 3-4 and 3-S1, and compared 
the resulting spectra with those of intermediate H. Figure 3-8 shows such spectra 
recorded at several low magnetic fields for the H intermediate trapped during turnover 
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with 14N and 15N labeled diazene and the corresponding spectra for the NK species 
formed during turnover with 14N and 15N NO2- and NH2OH. The difference in the time 
waves collected for the NK intermediates of 14N and 15N substrates clearly shows that the 
signals arise from FeMo-co that binds a reduction product of substrate. The identity of 
both 14N and 15N time waves and their partner frequency-domain spectra for the NO2- and 
NH2OH intermediates with those of the H intermediate shows that reduction of both 
these new substrates give rise to species, H. 
 
DISCUSSION  
 The present study has extended the characterization of NO2- as a nitrogenase 
substrate previously reported by Vaughn and Burgess.10 Here, it is established that the 
reduction of NO2- indeed involves the delivery of six electrons to FeMo-co, eq 2, rather 
than eight electrons as required for the reduction of N2, eq 1. In addition, it has been 
shown that NH2OH is an excellent nitrogenase substrate. The characterization of trapped 
intermediates during reduction of NO2- and NH2OH catalyzed by remodeled nitrogenase 
MoFe protein provides insights into the mechanism for their reduction that also are 
relevant to the mechanism for N2 reduction.  
 The proposed mechanism for N2 reduction: As a reference for discussing the 
mechanisms of NO2- and NH2OH reduction by nitrogenase, Figure 3-9, left, displays a 
previously proposed pathway for N2 reduction (Alternating) by nitrogenase (M represents 
FeMo-co).7,4 In this scheme, the 6-electron reduction of N2 to two NH3 is accompanied 
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by the obligatory loss of H2 through reductive elimination upon N2 binding, resulting in 
the stoichiometry of eq 1. Each catalytic stage in this pathway is denoted En following the 
 
 
Figure 3-9. Left: Previously proposed pathway for N2 reduction by nitrogenase (M 
represents FeMo-co).4 An intermediate labeled, En, has accumulated n [e-/H+]. Right: 
Proposed dominant pathway for nitrite reduction by nitrogenase; intermediates of NO2H 
reduction are labeled, E’m, with accumulation of m [e-/H+]. Early stages, through 
reduction to HNO, are shown in more detail in Figure 3-11. Boxed region: convergence 
of pathways for nitrite and N2 reduction by nitrogenase, as discussed in text. Within this 
region, boxed reactions of E1 show the most direct routes by which N2H4 and HN2OH 
join their respective pathways. 
 
Lowe and Thorneley kinetic model,2 where n = 0-8 denotes the number of 
electron/protons delivered to FeMo-co by the Fe protein. 
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 Stoichiometry and pathway of nitrogenase reduction of NO2-: Our findings 
regarding the stoichiometry and early stages of NO2- reduction by nitrogenase are as 
follows. (i) Addition of NO2- to resting-state MoFe protein causes minimal change in its  
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Figure 3-10. Mechanism of NO2- reduction by ccNIR; initial and final states contain 
Fe(II) heme.12–15 
  
EPR spectrum and introduces no ENDOR signals from 15NO2-. This observation suggests 
that NO2- (or NO2H) does not bind to a metal ion of FeMo-co in resting state MoFe 
protein. (ii) Although the addition of H2 to nitrogenase during N2 reduction inhibits the 
formation of NH3, such addition during NO2- reduction does not, Figure 3-2. This result 
indicates that the reversible loss of H2 upon N2 binding, Figure 3-9, left, leading to the 
eight-electron stoichiometry of eq 1, has no parallel in the reduction of NO2-. Instead, we 
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suggest that the dominant pathway for NO2- reduction begins with binding at E2, and that 
NO2- reduction is a true six-electron process that has the stoichiometry of eq 2, above. 
 Further insights into NO2- reduction by nitrogenase arise from comparison with 
the ccNIR mechanism, Figure 3-10.12–15,31 NO2- binds to the ccNIR catalytic heme in the 
Fe2+ state, accepts two protons and releases H2O to form a moiety formally written as 
Fe(II)-[NO+], denoted {FeNO}6 in the Enemark/Feltham notation.32 The key mechanistic 
challenge in reducing NO2- is to avoid or overcome formation of the Fe(II)-NO 
‘thermodynamic sink’, denoted as {FeNO}7 , through one-electron reduction of Fe(II)-
[NO+].31 Neese and coworkers have shown that ccNIR achieves this by two proton-
coupled electron transfer reductions that promptly reduce Fe(II)-[NO+] to Fe(II)-
[HNO].12–15 The process involves ‘recharging’ of the catalytic heme with electrons 
obtained through transfer from the other hemes of the enzyme and of the heme 
environment with protons. 
 The ability4 of the multi-metallic catalytic FeMo-co cluster to accumulate 
multiple [e-/H+] offers two persuasive alternative mechanisms by which nitrogenase can 
completely evade the formation of an intermediate with NO bound to M, M-[NO], the 
analogue to {FeNO}7. As visualized in Figure 3-11, we suggest NO2- reduction by 
nitrogenase begins with the generation of NO2H bound to E2; whether NO2- accepts the 
proton before or after binding is unknown; likewise, whether NO2- also can bind to E1, 
with this state accepting an [e-/H+] to form NO2-–bound E2 is not known. As illustrated, 
E2 has accumulated two [e-/H+], stored in the form of a (bridging) hydride and proton 
bound to sulfur. Transfer of the E2 proton to the –OH of NO2H followed by loss of H2O 
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formally leaves M-[NO+], an analogue to the Fe(II)-[NO+] state of ccNIR. However, 
nitrogenase is able to transfer the E2 hydride to [NO+], directly forming HNO bound to 
FeMo-co at its resting-state redox level and totally avoiding formation of an M-[NO] 
‘sink’. The reduction of [NO+] by hydride transfer at the E2 stage not only parallels our 
proposed mechanism for reduction of acetylene (C2H2) to ethylene (C2H4),4,9 but also is 
analogous to the process by which P450nor reduces heme-bound NO to bound HNO: 
direct hydride transfer from NADH.33  There is a second mechanism by which FeMo-co 
might avoid the formation of an M-[NO] sink.  The proximity of Fe ions means that a 
bridged nitrosyl might form, which would likely be reactive to addition of an [e-/H+].34   
 
 
Figure 3-11. Proposed early stages of the reduction of NO2- by nitrogenase. The 
placement of proton and hydride on specific S and Fe atoms of  E2 is arbitrary. 
 
 Although the stages of NO2- reduction through the formation of HNO are thus 
proposed to differ for catalysis by nitrogenase and ccNIR, the ENDOR and ESEEM 
results presented here indicate that the subsequent reduction of FeMo-co-bound HNO 
follows the stages proposed by Neese and cowokers for ccNIR, which include formation 
of Fe-NH2 and Fe-NH3 intermediates that are analogues to intermediates H and I, Figure 
3-10. The resulting overall pathway for NO2- reduction by nitrogenase is presented on the 
right of Figure 3-9 for comparison to the pathway for N2 reduction on the left. The NO2- 
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intermediates that form by transfer of additional [e-/H+] to the HNO-bound state are 
denoted E’m, with the prime indicating the alternative substrate and the differing numbers 
of electrons delivered to FeMo-co (two fewer for NO2- than for N2) required to achieve 
the same level of substrate reduction (eqs 1, 2) in the intermediate.  
 Mechanistic convergence and its implications: The overall stoichiometries and 
early stages of N2 and NO2- reduction by nitrogenase differ sharply, with reductive 
elimination of H2 a central feature of N2 fixation, but absent for NO2- reduction or 
reduction of any other nitrogenase substrate studied so far. However, the 
ENDOR/ESEEM study of trapped intermediates indicates that the reaction pathways 
converge to corresponding intermediates, which then react to form the identical states H 
and I, as captured in the boxed section of the two catalytic pathways, Figure 3-9. 
 The boxed portion of the NO2- pathway begins with an intermediate (denoted E’4) 
that contains NH2OH bound to FeMo-co (M), equivalent to the ccNIR intermediate, in 
which NH2OH is bound to the catalytic heme (Figure 3-10). The nitrogenase NH2OH 
intermediate corresponds to the E6 stage of N2 fixation in which N2H4, itself a substrate, 
is bound to M. The proposed formation of such corresponding NH2NH2 and NH2OH-
bound intermediates suggested to us that NH2OH, like N2H4, should be a nitrogenase 
substrate. This prediction was verified by measurements that show NH2OH is indeed an 
excellent substrate (Figure 3-3). The reduction of NH2OH, like that of N2H4, is not 
inhibited by the presence of H2, as expected for reaction of late-stage reduction 
intermediates. 
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 The ENDOR/ESEEM measurements show that the pathways for N2 and NO2- 
reduction converge upon reduction of the corresponding E6(NH2NH2) and E’4(NH2OH) 
states (Figure 3-9). The two substrate-derived moieties of E6/E’4, N2H4/NH2OH, may be 
viewed as NH2-AHx species exhibiting an N-A single bond, A = N or O. The pathways 
converge through reductive cleavage of the N-A bond, liberating AHm (m = 3 or 2) and 
formation of the common, non-Kramers state H with NH2 bound to M (E7 stage for N2, 
E’5 for NO2-). A final reduction then converts H to intermediate I (E8 for N2, E’6 for NO2-
), with NH3 bound to M. The catalytic process is finally completed by the liberation of 
NH3, as previously proposed for N2 reduction by nitrogenase and for N2O- reduction by 
ccNIR. Figure 3-9 also shows the most direct route by which both N2H4 and NH2OH, 
independently acting as substrates, join their respective reaction pathways: they bind to 
E1 and undergo bond cleavage, respectively liberating NH3 and H2O and generating the H 
intermediate. 
 Given the findings that not only N2H4 (and N2H2) but also NH2OH, are excellent 
nitrogenase substrates, and that common H and I intermediates form during nitrogenase 
turnover with both NO2- and NH2OH on the one hand, and with dinitrogenous substrates 
N2H4 and N2H2 on the other, the present study supports proposals that: (i) N2H4 and 
NH2OH are indeed generated on the enzymatic pathways by which nitrogenase reduces 
the primary substrates, N2 and NO2-; (ii) these results are consistent with an alternating 
pathway for nitrogen fixation in which the first NH3 is generated by N-N bond cleavage 
upon delivery of the seventh [e-/H+] to the E6 (N2H4-bound) intermediate to form H = E7, 
and the second NH3 by delivery of the 8th and last [e-/H+] to form I = E8, Figure 3-9, left; 
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(iii) NO2- reduction proceeds by the analogous and convergent pathway, in which the 
H2O is liberated by reductive cleavage of the NH2-OH-bound intermediate to form H = 
E’5 and NH3 is produced by delivery of the 6th and last [e-/H+] I = E’6, Figure 3-9, right. 
 According to the alternative Chatt-Schrock mechanism for N2 fixation so 
beautifully demonstrated for mononuclear Mo complexes,35–37 the N-A bond would be 
cleaved earlier in the reduction processes, after delivery of three [e-/H+] to the substrate, 
at the E5 stage for N2 reduction, and at the HNO stage for NO2- reduction (E’3), to leave a 
bound nitride. As a result, neither the N2H4 nor the NH2OH intermediates would likely 
form, making it unlikely that both of these species would be a substrate. We further 
emphasize that application of this proposal to nitrogenase reduction of NO2- would be 
contrary to the mechanism established for NO2- reduction by ccNIR, which does not 
involve cleavage of the N-O bond to form a heme-bound nitride at the third step in 
substrate reduction, but cleavage at the fifth step to form NH2.12–15,31 Thus, the parallels 
between N2 fixation by nitrogenase, NO2- and NH2OH reduction by nitrogenase, and 
NO2- reduction by ccNIR support the parallel nitrogenase pathways presented in Figure 
3-9, with N-A bond cleavage after delivery of the fifth [e-/H+] to substrate, to yield the 
M-NH2, H intermediate.   
 This conclusion in turn provides support for the nitrogen fixation mechanism 
displayed in Figure 3-9, left.  Namely, N-N bond cleavage and liberation of the first NH3 
occurs during formation of the E7 intermediate (delivery of 5 [e-/H+] to substrate), H, and 
not earlier in the reduction process, through bond cleavage at E5 (delivery of 3 [e-/H+] to 
substrate) with formation of a nitrido-bound intermediate. 
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NITRITE AND HYDROXYLAMINE AS NITROGENASE SUBSTRATES: 
MECHANISTIC IMPLICATIONS FOR THE PATHWAY OF N2 REDUCTION 
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Figure 3-S1. Q-band CW EPR of α-70Ala/ α-195Gln MoFe protein in the resting state 
(black) and trapped during turnover in the presence of hydroxylamine (green). 
Conditions: as for Figure 3-4. 
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Figure 3-S2. ReMims 15N ENDOR spectra obtained near major g-values of S = 1/2 
intermediates trapped during turnover of α-70Ala/ α-195Gln MoFe protein in the presence 
of various 15N labeled substrates: hydrazine (black), nitrite (red) and hydroxylamine 
(green). Conditions: as for Figure 3-7. 
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CHAPTER 4 
REDUCTION OF NITRATE TO NITRITE AND AMMONIA CATALYZED BY 
NITROGENASE* 
 
ABSTRACT 
 Nitrogenase catalyzes the 8 e- reduction of dinitrogen (N2) to ammonia (NH3) in a 
process termed biological nitrogen fixation. Mo-dependent nitrogenase can reduce a wide 
range of small unsaturated molecules including nitrite (NO2-) to NH3. Here, we show that 
a nitrogenase variant with an amino acid substitution near its active site can catalyze the 8 
e- reduction of nitrate (NO3-) to ammonia. An analysis of product profiles and rates of 
formation suggest that nitrogenase utilizes two competing reaction pathways for nitrate 
reduction, with a dominant pathway being the 2 e- reduction to nitrite and a secondary 
pathway being the 8 e- reduction to ammonia. Mechanisms utilizing metal hydrides are 
proposed for both pathways.  Two intermediates on the pathway to ammonia have been 
trapped and characterized by EPR and ENDOR spectroscopy and confirmed to be 
identical to intermediates trapped during reduction of other N-containing substrates, such 
as hydrazine (N2H4).  Fe protein independent electrochemical reduction of NO3- to NH3  
 
*Coauthored by Sudipta Shaw, Venkatesan Kathiresan, Dmitriy Lukoyanov, Ross D. 
Milton, Nimesh Khadka, Simone Raugei, Dennis R. Dean, Shelley D. Minteer, Brian M. 
Hoffman and Lance C. Seefeldt. Manuscript in preparation.  
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by MoFe protein alone is demonstrated. No other known enzyme can catalyze the 
reduction of nitrate to ammonia. 
 
INTRODUCTION 
 Nitrate (NO3-) is the most oxidized form of nitrogen in the biogeochemical 
nitrogen cycle with an oxidation state of ‘+5’1–3. Although it is an essential component of 
the biological nitrogen cycle, it has become a major pollutant of ground, river and coastal 
water due to imbalances in the global nitrogen cycle caused by humans. Removal of 
nitrates from these water bodies involves complicated and costly methods such as ion 
exchange, activated alumina or reverse osmosis2–4. In nature, reduction of nitrate to 
ammonia takes place in two steps. Plants and several bacteria use a molybdenum 
containing enzyme nitrate reductase to reduce NO3- by 2 electrons to form nitrite (NO2-)1,3 
which can be further reduced by nitrite reductase enzymes. The fate of NO2- reduction 
depends on the type of nitrite reductase: copper-containing nitrite reductases (CuNiR)5 
and cytochrome c nitrite reductase (ccNiR)6. CuNiR reduces NO2- to nitric oxide (NO) 
which is ultimately converted to molecular nitrogen (N2) using the enzymes NO 
reductase and N2O reductase respectively. The ccNiR catalyzes the 6 e- reduction of NO2- 
to NH35–8.  
No known enzyme is capable of performing 8 e- reduction of nitrate to ammonia. 
Nitrogenase is known for carrying out the difficult 8 e- reduction of N2 to NH3 (Eq. 1) and 
some variant forms can reduce CO2 to CH49–12. It has been stated previously that nitrate 
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(NO3-) has no effect on Mo-dependent nitrogenase and it was concluded that NO3- was 
neither an inhibitor nor a substrate of nitrogenase13. 
 Nitrogenase is a complex enzyme system consisting of two metalloproteins, the 
MoFe protein and the Fe protein. MoFe protein is an α2β2 heterotetramer and has two 
negatively cooperative catalytic halves. Each αβ catalytic half of the MoFe protein 
contains two unique metal clusters, an electron carrier P-cluster [8Fe-7S] and the 
catalytic iron-molybdenum cofactor (FeMo-co) [7Fe-9S-Mo-C-homocitrate]. The 
homodimeric Fe protein has a [4Fe-4S] cluster and contains one ATP binding site in each 
monomer9,10. The Fe protein delivers electrons to the MoFe protein in a process coupled 
with ATP hydrolysis14. Although the physiological substrate of nitrogenase is N2, it can 
reduce a multitude of substrates, including protons, acetylene, hydrazine, azide and 
nitrite. It has been shown before that by changing the amino acids around the FeMo-
cofactor can perturb the substrate reduction profile of nitrogenase9,10,15.  
 Two key residues around the FeMo-co are α-70Val and α-195His (Figure 4-1). 
Previous studies have demonstrated that α-70Val residue of the MoFe protein acts as a 
gatekeeper allowing or blocking the access of small molecules to the FeMo-cofactor and 
α-195His plays a role of proton delivery to the FeMo-co15 (Figure 4-1). A remodeled 
MoFe protein with a substituted Ala for α-70Val and Gln for α-195His was shown to reduce 
carbon dioxide to methane11,12. Using advanced spectroscopic techniques, the same 
enzyme has been shown to trap key intermediates of nitrogenous substrate reduction16,17. 
Here we report for the first time that NO3- can be reduced by 2 e- to form NO2- and by 8 
104 
 
 
e- to form NH3 by the single variant, α-70Ala MoFe nitrogenase. The product profile of 
this reduction reaction shows that approximately 75% of electrons are diverted toward 
NO2- formation and 25% are utilized for NH3 production. The wildtype enzyme is also 
capable of reducing NO3- at a very slow rate. This makes nitrogenase the only known 
enzyme capable of performing the 8 e- reduction of NO3- to NH3. We have characterized 
N2 + 8e- + 8H+ + 16ATP              2NH3 + H2 + 16ADP + 16Pi  Eqn. 1 
NO3- + 2e- + 3H+ + 4ATP              NO2- + H2O + 4ADP + 4Pi  Eqn. 2 
NO3- + 8e- + 9H+ + 16ATP              NH3 + 3H2O + 16ADP + 16Pi  Eqn. 3 
 
 
Figure 4-1│FeMo-co shown with important amino acid residues. Carbon in gray, 
nitrogen in blue, oxygen in red, iron in brown, Sulfur in yellow and molybdenum is 
shown in magenta. 
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two intermediates on the pathway to ammonia formation using EPR and ENDOR 
spectroscopy. These are identical to the previously characterized ‘H’ and ‘I’ 
intermediates trapped during reduction of other nitrogenous substrates, such as hydrazine 
(N2H4) and nitrite (NO2-)16–18. Furthermore, we have shown electrochemical reduction of 
NO3- to NH3 by MoFe protein alone in the absence of Fe protein and ATP. 
 
RESULTS 
 Inhibition of H+ reduction in the presence of nitrate. Nitrogenase catalyzes the 
reduction of protons to make H2 in the absence of any other substrate.  Addition of 
substrates, such as N2 or acetylene (C2H2), diverts some of the electrons flowing through 
nitrogenase (called electron flux) away from proton reduction toward the reduction of the 
substrate9,10.  The net result is that addition of a substrate results in a lowering of the H2 
production rates.  Some substrates, such as acetylene, can result in full suppression of H2 
formation, whereas N2 results in suppression to 25% of the rate without any substrate.  
Some inhibitor of nitrogenase, such as cyanide, also suppress H2 evolution, whereas the 
inhibitor CO does not suppress H2 evolution9,10.  Consistent with earlier reports, the wild 
type MoFe protein was found to show no suppression of H2 evolution rates with 
increasing NO3- up to 30 mM, indicating that in this protein nitrate is neither a substrate 
nor an inhibitor.  The α-70Ala variant MoFe protein, in contrast, showed a NO3- 
concentration dependent inhibition of H+ reduction (Figure 4-S1). The demonstration of 
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nitrate suppression of H2 evolution in this variant MoFe protein suggests that nitrate is 
now a substrate or inhibitor.   
 Nitrate is a new substrate of nitrogenase. To examine if nitrate is a substrate in 
the α-70Ala MoFe protein variant, the time dependent formation of ammonia in the 
presence of nitrate was followed (Figure 4-2). As can be seen, the time-dependent 
formation of ammonia was detected using a fluorometric assay for ammonia that was 
dependent on the presence of a complete assay system (Fe protein, ATP).  To validate 
that the detected ammonia was coming from nitrate, both 14NO3- and 15NO3- were used as 
substrates with detection of the ammonia by 1H NMR (Figure 4-S4).  The  
 
Figure 4-2│Time course analysis of NO3- reduction. NH3 production is shown for α-
70Ala and wildtype MoFe protein using 30 mM NO3-. Molar ratio of Fe to MoFe protein 
was 20:1. 
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isotopomer/NMR studies confirmed that all of the detected ammonia is coming from 
nitrate.  A concentration dependence study of NO3- reduction provided an apparent KM of 
13 ± 1 mM for NO3- and Vmax of 40 ± 1 nmol NH3/min/mg of MoFe protein (Figure 4-
S2). While the wild-type nitrogenase did not produce any detectable ammonia in 20 min, 
a longer (60 min) assay showed small quantities of ammonia, suggesting that the wild 
type enzyme is thermodynamically capable of reducing nitrate to ammonia at very low 
rates. 
 Nitrate reduction to nitrite. It was also of interest to ascertain if nitrogenase 
could reduce nitrate to nitrite.  It was found that the α-70Ala MoFe protein could catalyze  
 
 
Figure 4-3│Time-dependent formation of NO2-. Production of NO2- is shown for α-
70Ala MoFe protein from 50 mM NO3-. 0.55 mg of MoFe protein and 2.5 mg of Fe 
protein used in the assay. Nitrite was quantified using the modified Griess assay as 
mentioned in the methods section. 
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the time dependent formation of nitrite from nitrate (Figure 4-3) at rates ~5 times the 
ammonia formation rate (normalized per 2 e-). Given that nitrite was previously shown to 
be reduced by nitrogenase to ammonia13,18, it was of interest to ascertain if the nitrate was 
being reduced to ammonia in two steps, with release of nitrite, followed by binding and 
reduction of nitrite, or in a single binding event with addition of 8 e- to form ammonia. A 
plot of the time-dependence of the specific activities for nitrate reduction to either 
ammonia or nitrite (Figure 4-4) shows that the specific activity for formation of either  
 
 
Figure 4-4│NO3- reduction to NO2- and NH3 by α-70Ala MoFe protein. The specific 
activity for NH3 production is shown in panel A and panel B represents the specific 
activity for NO2 - formation. Conditions: 0.5 mg of MoFe protein and 2.5 mg of Fe 
protein were used and the samples were incubated at 30°C. 
 
product is unchanging from the earliest time points (30 s).  Given the rates of nitrite 
formation, it is clear that enough nitrite could not be formed in 30 s to be near the KM for 
nitrite (10 mM) to achieve the full specific activity.  This demonstrates that the ammonia  
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Figure 4-5│(A) Absorption display Q-band CW EPR of α-70Ala/ α-195Gln MoFe protein 
in the resting state (black, concentration: MoFe/Fe resting state, 100 µM), and trapped 
during turnover in the presence of nitrate (magenta, concentration: MoFe/Fe/15NO3-, 50 
µM/75 µM/50mM, H2O, 2 min TO). Conditions: Microwave frequency, ~ 34.88 GHz 
(for nitrate), 34.94 GHz for MoFe resting state; Modulation amplitude: 1 G; Time 
Constant: 64 ms; Field Sweep: 67 G/s; T: 2K. (B) X-band CW EPR spectra of  α-70Ala/ α-
195Gln MoFe protein turnover samples prepared with nitrite (green, concentration: 
MoFe/Fe/14NO2-, 100 µM/133 µM/ 30mM, 20 s TO) and nitrate (magenta, concentration: 
MoFe/Fe/15NO3-, 50 µM/75 µM/50mM, H2O, 1 min TO) substrates. Conditions: 
Microwave frequency, ~ 9.37 GHz, Microwave power: 10 mW; Modulation amplitude: 
13 G; Time Constant: 160 ms; Field Sweep: 13 G/s; T: 15K. 
 
formed from nitrate is coming from a single NO3- binding event, not from release of 
nitrite with subsequent binding. 
110 
 
 
 EPR characterization of trapped intermediate states. The extremely slow 
reduction of nitrate to ammonia by wild type nitrogenase does not lead to the trapping of 
detectable levels of intermediates. However, intermediates at significant occupancies 
were freeze-trapped during the reduction of nitrogenous substrates using the remodeled 
α-70Ala/α-195Gln MoFe enzyme. Q band CW EPR spectra of this enzyme freeze-quenched 
during turnover in the presence of NO3- (Figure 4-5, A) show significant loss of the 
resting-state signal and the appearance of signals from two EPR-active species: a broad 
integer-spin (S ≥ 2) signal in low magnetic field and a S = 1/2 signal near g ~ 2. These 
spectra correspond to those of intermediate states H and I previously trapped during 
turnover of the α-70Ala/α-195Gln MoFe protein in the presence of substrates such as nitrite, 
hydroxylamine, hydrazine, diazene or methyldiazene17–19. Those species were 
exhaustively studied by a variety of paramagnetic resonance spectroscopic methods and 
assigned as E7 and E8 states, respectively, of the Lowe-Thorneley (LT) kinetic scheme for 
N2 fixation. Measurements at various temperatures show that the spectrum of I during 
NO3- turnover arises from two conformers, as previously observed for NO2- and NH2OH 
turnover17. 
 ESEEM and ENDOR studies. ESEEM spectroscopy was used previously to 
characterize the H intermediate (NK state) during reduction turnovers of α-70Ala/α-195Gln 
protein in the presence of nitrite or diazene19 as an integer spin E7 state of the LT scheme 
that binds (NH)2-. Consequently, ESEEM measurements were performed on the NK EPR 
signals trapped during NO3- turnover, and the results compared with those of the earlier H  
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Figure 4-6│Q-band NK-ESEEM spectra in time (left) and frequency (right) domains 
obtained for integer-spin intermediates of α-70Ala/ α-195Gln MoFe protein turnover 
samples prepared with diazene (black), nitrite (red), and nitrate (cyan). Upper spectra 
were measured for 14N substrate samples and lower spectra for samples with 15N labeled 
substrates. Condition: Microwave frequency, ~ 35 GHz, π/2 = 50 ns; 15 shots/point for 
nitrate turnovers and 10 shots/point for diazene turnovers, 2 ms repetition time, 200-900 
scans; T = 2K; Time-waves are shown after decay baseline correction. Triangles in the 
frequency domain spectra represents suppressed frequencies n/τ, n = 1,2, … 
 
intermediates. Figure 4-6 shows such spectra recorded at low magnetic field for the H 
intermediate trapped during turnover with 14N and 15N labeled nitrite and diazene, and the 
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corresponding spectra for the NK species formed during turnover with 14/15NO3-. The 
difference in the 14N and 15N time waves collected for all the NK intermediates 
unambiguously shows that each contains FeMo-co that binds a reduced product of the 
substrate. The identity of both the 14N and 15N time domain (Figure 4-6) and frequency 
domain spectra for the NO3- intermediate with those of H formed respectively with 14N 
and 15N NO2- and N2H2 substrates confirms the identification of the NK intermediate 
formed during NO3- turnover as H. Three-pulse 15N Mims pulsed ENDOR measurements 
of I prepared with 15NO3- were not successful because of the low levels at which this 
intermediate accumulates.  
 Electrochemical reduction of nitrate. The bioelectrochemical approach used to 
reduce NO3- to NH3 by the β-98His MoFe protein shown here is similar to the recent work 
which shows N3- and NO2- reduction to NH3 by MoFe protein in the absence of Fe protein 
and ATP. The cyclic voltammograms presented in Figure 4-7 display a reductive 
catalytic wave in the presence of H+ and NO3- as substrates (where the apo-MoFe protein 
control exhibits a non-catalytic response). Upon approaching approximately -1 V vs. 
SCE, Cc+ is reduced by the working electrode. The ability of Cc+ to donate electrons to 
the MoFe proteins is demonstrated by the increased reductive current at lower potentials, 
where the MoFe proteins catalytically regenerate oxidized Cc+ (thus, the MoFe proteins 
are catalytically-oxidized by the substrates) which is once again reduced at the working 
electrode. 
 As demonstrated in Figure 4-7a, H+ reduction is observed for the wildtype, α- 
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70Ala and β-98His MoFe proteins, where the catalytic current densities observed for 
wildtype and α-70Ala MoFe proteins are comparable. Upon the introduction of 50 mM 
NO3-, increased reductive catalytic currents are observed for the wildtype, α-70Ala and β-
98His MoFe proteins which reflects their ability to catalytically-reduce NO3-. The ability 
of MoFe protein to efficiently reduce NO2- to NH3 has been previously demonstrated, 
 
 
Figure 4-7│Cyclic voltammograms of (a) H+ and (b) NO3- reduction by MoFe 
proteins. Experiments were performed using wildtype (black), α-70Ala (blue) and β-98His 
(red) MoFe proteins. Control experiments were performed using apo-MoFe protein 
(dashed black line). Cyclic voltammograms were performed in 250 mM HEPES buffer 
(pH 7.4) at a scan rate of 2 mV s-1. [Cc+] was 200 µM in all cases and NO3- was included 
at a final concentration of 50 mM in (b). 
 
thus, the production of NH3 was expected. To confirm the production of NH3 production 
at the modified electrode surface, bulk electrolysis was performed at -1.25 V vs. SCE to 
ensure continued Cc+ reduction. Following an electrolytic period of 1 h in a sealed 
electrochemical cell, 25 µL aliquots were extracted from the electrolyte solution and were 
evaluated for NH3, as detailed above (Figure 4-8). Wildtype and α-70Ala MoFe proteins  
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Figure 4-8│Bulk electrolytic NO3- reduction to NH3 by MoFe protein. Bulk 
electrolytic experiments were performed at -1.25 V vs. SCE for 1 h at room temperature 
in a gastight electrochemical cell. The electrolyte (250 mM HEPES, pH 7.4) contained 
500 µM Cc+ and 50 mM NO3- and was stirred throughout. NH3 production is shown for 
wildtype MoFe protein, α-70Ala and β-98His variants of MoFe protein. Control 
experiments were performed using an unmodified glassy carbon electrode, bovine serum 
albumin (as a noncatalytic protein control) and apo-MoFe protein. 
 
produced 66.2 ± 31.0 and 59.5 ± 34.3 nmol NH3 per nmol MoFe protein (respectively), 
whereas the β-98His MoFe protein produced 511.0 ± 127.6 nmol NH3 per nmol MoFe 
protein. 
 
DISCUSSION 
  The present study has shown that NO3- can be reduced by a remodeled 
nitrogenase at significant rates (Figures 4-2, 4-3 and 4S-2) and by the wildtype enzyme 
at very slow rates (Figures 4-S5 and 4-S6). The data presented in this study suggest that 
nitrogenase reduces NO3- in a split pathway to produce NO2- and NH3. This makes 
nitrogenase the second enzyme after Mo-dependent nitrate reductase which can reduce 
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NO3- to NO2- and the only single enzyme system capable of 8 e- reduction of NO3- to NH3. 
Although the majority of electrons contribute toward NO2- formation, approximately 25% 
electrons are used for 8 e- reduction of NO3- to NH3. Figure 4-9 summarizes the proposed 
mechanism for both pathways. The mechanism of 6 e- reduction of NO2- by cytochrome c 
nitrite reductase and nitrogenase involves binding of NO2- to the active site cofactors 
through  ̶ N. The mechanism of nitrate reductase shows that NO3- binds to the active site 
Mo atom through one of the oxygen atoms. Several model compounds suggest that NO3- 
can only bind to the metal centers through oxygen in mono or bidentate manner. 
 The first step in N2 reduction by nitrogenase is binding of one molecule of N2 to 
the 4 e- reduced state of the FeMo-co, which leads to the reversible loss of one molecule 
of H2. Unlike N2 reduction, addition of H2 shows no effect on NO3- reduction by 
nitrogenase (Figure 4-S3), similar to NO2- reduction. Therefore we suggest that NO3- 
binds to the 2 e- reduced state of FeMo-co (represented by M, Figure 4-9) in bidentate 
mode. The catalytic stages of this pathway is donated by various En states following the 
kinetic model of Thorneley and Lowe, where ‘n’ represents the number of 
electrons/protons transferred to the FeMo-co by the Fe protein. 
 The reduction of NO3- to NO2- involves transfer of 2 e-/H+, possibly through the 
deprotonation of bridging metal hydride, which leads to the loss of NO2- (left) and resting 
state FeMo-co; a similar mechanism was previously proposed for CO2 reduction to CO. 
In the split pathway, NO2- flips and binds to the FeMo-co through nitrogen atom (right). 
This is followed by loss of H2O due to addition of 2 H+. The FeMo-co further  
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Figure 4-9│Proposed pathway of NO
3
- reduction to NO
2
- and NH3 by MoFe protein. 
accumulates two [e-/H+] in the form of a hydride and H+ which are then transferred to the 
FeMo-co bound NO2H to form HNO. This mechanism is consistent with the mechanism 
of NO2- reduction by nitrogenase. The EPR and ENDOR/ESEEM results confirmed that 
subsequent reduction of HNO involves formation of M-NH2 and M-NH3 intermediates, 
previously characterized as H and I intermediates (Figures 4-5 and 4-6). 
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 The 8 e- reduction of NO3- to NH3 by nitrogenase is an energy-intensive process 
which requires 16 ATP molecules (Eqn. 2) which is equivalent to N2 reduction by 
nitrogenase (Eqn. 1). However, one molecule of N2 generates two molecules of NH3, 
unlike only one molecule of NH3 from NO3- reduction. In this regard, NO3- reduction by 
nitrogenase requires two times more energy than N2 reduction. A few strategies employed 
recently have demonstrated Fe protein and ATP independent substrate reduction by 
MoFe protein alone. This includes the reduction of several alternative substrates using 
Eu-ligands, a bioelectrochemical approach to reduce substrates such as N3- and NO2- to 
NH3 and light driven N2 reduction to NH3.  
 Previous studies have shown that a variant form of nitrogenase MoFe protein with 
a single amino acid substitution from Tyr to His at β-98 position can reduce substrates in 
the absence of Fe protein and ATP by accepting electrons from non-physiological 
electron donors. It has been shown recently that by using suitable electron mediators, 
bioelectrocatalytic reduction of various substrates is possible by immobilizing the 
wildtype and β-98His MoFe proteins at a carbon electrode surface. Using similar 
methodologies we have found that NO3- can be reduced to NH3 at a slow rate by the 
wildtype and α-70Ala MoFe proteins (Figures 4-7b and 4-8). Surprisingly the β-98His 
MoFe protein is capable of reducing NO3- to NH3 at significant rates. Given that the 
above results identify the importance of the α-70Ala mutation for NO3- reduction, these 
findings suggest that either the Fe protein maintains some synergistic importance in 
facilitating NO3- reduction, or that the β-98His MoFe protein is able to overcome a 
systematic limitation when studying the MoFe protein by this electrochemical approach 
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(such as rates of electron transfer to the FeMo-cofactor or substrate recognition of the Cc+ 
electron mediator). 
 
MATERIALS AND METHODS 
 Materials and protein purification. All reagents used were purchased from 
Sigma-Aldrich, except stated otherwise. Azotobacter vinelandii strains DJ995 (wildtype 
MoFe protein), DJ884 (wildtype Fe protein), DJ1310 (α-70Ala), DJ1316 (α-70Ala/α-
195Gln), DJ 939 (β-98His) were grown and nitrogenase proteins were expressed as 
described before20,21. 
 Proton and nitrate reduction assays. Activity assays were carried out in 1-mL 
liquid volumes in serum vials with 9 ml of total volume for various times at 30℃ in an 
assay buffer containing a MgATP and a regenerating system (10 mM ATP, 60 mM 
phosphocreatine, 100 mM MOPS, pH 7.0, 1.2 mg/mL bovine serum albumin, 0.4 mg/mL 
creatine phosphokinase, 12 mM MgCl2, and 10 mM dithionite). Unless stated otherwise, 
reactions utilized 0.2 mg of MoFe protein and were initiated by the addition of 1 mg of 
Fe protein, and were quenched by the addition of 300 mL of 400 mM EDTA. H2 was 
quantified by analyzing the gas phase by gas chromatography as described earlier20,21. 
Nitrate reduction assays were performed in the same buffer system except that required 
concentrations of sodium nitrate was added before adding the proteins. Ammonia was 
quantified by a fluorescence method described before21 with some modifications. A 25 
µL aliquot of the post-reaction solution was added to 1 mL of a solution containing 20 
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mM phthalic dicarboxyaldehyde, 3.5 mM 2-mercaptoethanol, 5% (v/v) ethanol, and 200 
mM potassium phosphate, pH 7.3, and allowed to react in the dark for 30 min. Ammonia 
was detected by fluorescence (λexcitation/λemission of 410 nm/472 nm) and quantified by 
comparison to an NH3 standard curve generated using NH4Cl.  
 Nitrite detection using Griess assay. This method was used to detect nitrite 
formation by α-70Ala MoFe protein. Nitrite was detected by using modified Griess 
reagent4, purchased from Sigma-Aldrich. 10µL of sample volume was mixed with 490 
µL of deionized water and 500µL of Griess reagent and incubated at dark for 5 minutes at 
room temperature. Increase in absorbance was measured at 540 nm using a UV-vis 
spectrophotometer (Varian Cary 50 bio – Agilent Technologies). The concentration of 
nitrite in the sample was determined by comparing to a standard curve generated from 
known concentrations of sodium nitrite (NaNO2). 
 Nitrite reductase activity of deoxyhemoglobin. Deoxyhemoglobin has the 
ability of reduce NO2- to nitric oxide (NO)22. Although the binding affinity of NO2- to 
deoxyhemoglobin is very poor (~ 1 M-1.s-1)23, this reaction is very specific and the buffer 
components showed no interference compared to Griess reagent which can react to BSA 
and give false positive results. We monitored the nitrite reductase activity of 
deoxyhemoglobin for the wildtype MoFe protein. 0.5 mg of wildtype MoFe protein was 
added to 1mL of the reduced assay buffer containing 50mM NO3-. The reaction was 
started by adding 2.5 mg of Fe protein and incubated for 90 min at 30°C before 
quenching with 400 µL of degassed and reduced EDTA. The control experiment was 
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performed by adding the EDTA to the assay buffer before adding the Fe protein. 1 mL of 
the final reaction mixture was transferred to a degassed crimp-shut quartz cuvette with a 
path length of 1 cm. Finally 5 µL of degassed and reduced hemoglobin stock solution 
was added to the cuvette to bring the final deoxy-Hb concentration to 0.1 mg/mL. The 
formation of Hb-NO was monitored by change in absorbance at 418 nm using a Varian 
spectrophotometer. 
 Detection of 14NH3 and 15NH3 by 1H NMR. Turnovers were carried out in 
presence of 50mM 14NO3- and 15NO3- in Mops buffer as described above using 0.5 mg of 
α-70Ala MoFe protein and 2.5 mg of Fe protein for an hour. The samples were then 
quenched with 10 M HCl. This reduces the pH of the samples to about 0 which allows to 
observe proton resonance of ammonia in 1H NMR. All the precipitates were removed by 
centrifuging the samples at 10,000 rpm for 2 min and the clear supernatant was 
transferred to standard NMR tube. A D2O filled capillary tube was also added to the 
NMR tube that is used to lock the field. 1H NMR was obtained in 300MHz JOEL NMR 
after presaturating the solvent (H2O) peak and using the relaxation delay of 2s.  
 EPR/ENDOR/ESEEM spectroscopy: X-band CW EPR spectra measurements 
were performed on a Bruker ESP 300 spectrometer equipped with an Oxford variable 
temperature ESR 900 cryostat. Q-band CW EPR, ESEEM and ENDOR spectra were 
recorded at 2 K on CW24 and pulsed EPR spectrometers25. In CW EPR, the Q-band 
spectrum appears as the absorption envelope, instead of its derivative as in conventional 
EPR. 
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To study non-Kramers (NK, S > 1) centers, the three-pulse ESEEM [π/2-τ-π/2-T-π/2-τ-
detect] sequence was employed as in previous work18,26–29, wherein the intensity of the 
electron spin-echo is measured as a function of time ‘T’ at fixed τ, with appropriate 
phase-cycling to avoid unwanted features in the echo envelope. Spectral processing of 
time domain waveforms includes subtraction of the relaxation decay fitted by a 
biexponential function, zero filling, baseline correction and power fast Fourier 
transformation performed with LabCalc software. The three-pulse Mims pulsed ENDOR 
sequence [π/2-τ-π/2-T(rf)-π/2-τ-detect] was used for detection of 15N ENDOR. 
 Electrochemical reduction of nitrate. Bioelectrochemical nitrate reduction by 
the MoFe protein was carried out using a previously-reported procedure.(REF) Briefly, 
15 µL of 20 mg/ml MoFe protein was mixed with 15 µL of poly(vinylamine) (10 mg/ml) 
and 2 µL of ethylene glycol diglycidyl ether (10% v/v); all solutions were prepared using 
MilliQ water. 5 µL of this mixture was dropcast onto a glassy carbon electrode that had 
been polished using a 0.05 µM alumina. The modified electrodes were left to dry for 1 h 
under reduced humidity and < 0.5 ppm O2. Electrochemical experiments were performed 
using a SCE reference electrode (EStandard Hydrogen Electrode = ESCE + 241 mV at 25 ºC)30 and a 
Pt mesh as a counter electrode, under < 0.5 ppm O2. Cyclic voltammetry experiments 
were performed under hydrostatic conditions in the presence of 200 µM cobaltocenium 
hexafluorophosphate (Cc+) as an electron mediator and at a scan rate of 2 mV s-1. Bulk 
electrolysis experiments were conducted under hydrodynamic conditions (using a 
magnetic stirrer) at a constant potential (Eappl. = -1.25 V vs. SCE) in the presence of 500 
µM Cc+. NH3 was quantified using the above procedure where a 25 µL aliquot was 
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immediately taken from the electrochemical cell upon completion of the electrolytic 
experiment. Electrochemical analyses were performed using a CH Instruments (Inc.) 
potentiostat (model 1230b).   
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APPENDIX 
 
SUPPORTING INFORMATION 
 
REDUCTION OF NITRATE TO NITRITE AND AMMONIA CATALYZED BY 
NITROGENASE 
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SI FIGURES 
 
 
Figure 4-S1│NO3- concentration dependent inhibition of H+ reduction. Effect of 
NO3- on H+ reduction by wildtype MoFe protein and α-70Ala after 15 min incubation at 
30°C. 
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Figure 4-S2│NO3- concentration dependent NH3 formation. Formation of NH3 by α-
70Ala is shown for increasing concentration of NO3-. Samples were incubated for 15 min. 
Fitting the data to the Michaelis-Menten equation provided the apparent KM of 12.99 ± 
0.72 mM for NO3- and Vmax of 39.92 ± 0.70 nmol NH3/min/mg of MoFe protein. 
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Figure: 4-S3│Effect of H2 on NO3- reduction by α-70Ala MoFe protein. Formation of 
NH3 by α-70Ala MoFe protein is shown. 0.2 mg of MoFe protein and 1 mg of Fe protein 
used. Samples were incubated for 15 min incubation at 30°C. 
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Figure 4-S4│NO3- reduction to NH3 confirmed by 1H NMR. 1H NMR was recorded 
for the turnover samples catalyzed by Val-70Ala MoFe protein at pH=0 to monitor the 
resonance of proton signal associated with NH4+ ion. The samples were prepared as 
described in Material and Methods. 1:1 doublet with the coupling constant of 73 Hz 
was observed in 15NO3- TO sample (red trace)  which is associated with 15N-coupled H 
(15NH4+; 15N S=½)  while 1:1:1 triplet with the coupling constant of 52 Hz in 14NO3- TO 
sample (blue trace) which is due to 14N-coupled H (14NH4+; 14N S=1).  None of these 
resonance were observed in argon TO (green trace). Condition: 50mM 15NO3- or 14NO3- , 
0.5 mg of MoFe protein, 2.5 mg of Fe protein, relaxation delay of 2s, and 400 scans. 
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Figure 4-S5│NO3- reduction to NH3 by wildtype MoFe protein. NH3 production is 
shown for wildtype MoFe protein from 50mM NO3-. 0.5 mg of MoFe protein and 2.5 mg 
of Fe protein used. The samples were incubated at 30 °C for 90 min. The control 
experiment was performed by adding 0.3 mL of 400mM EDTA (pH 8.0) before adding 
the proteins. 
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Figure 4-S6│NO3- reduction to NO2- by wildtype MoFe protein. NO2- production is 
shown for the wildtype MoFe protein from 50mM NO3-. Open circles represent turnover 
with NO3- and closed circles represent the control. 0.5 mg of MoFe protein and 2.5 mg of 
Fe protein used. The samples were incubated at 30 °C for 90 min. The control experiment 
was performed by adding 0.3 mL of 400mM EDTA (pH 8.0) before adding the proteins. 
Each scan was taken after 5 sec interval. 
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CHAPTER 5 
SUMMARY AND FUTURE DIRECTIONS 
 Biological nitrogen fixation (reduction of N2 to NH3) is essential for life but only 
diazotrophic microorganisms can catalyze this difficult reaction using a two component 
enzyme called nitrogenase1. Mo-dependent nitrogenase is the most studied form of the 
enzyme which consists of the Fe protein and the MoFe protein. Fe protein is a dimer of 
two identical subunits connected with a single [4Fe-4S] cluster which transfers the 
electron to the heterotetrameric MoFe protein with two symmetric αβ catalytic units. 
Each αβ unit contains two unique metal clusters, the electron carrier P cluster [8Fe-7S] 
and the active site FeMo-cofactor (FeMo-co) [7Fe-9S-Mo-C-homocitrate]2. One Fe 
protein bound with two ATP molecules binds to each αβ unit of the MoFe protein 
forming a ternary complex. Electron transfer (ET) occurs after complex formation with 
ET from the P-cluster to the FeMo-co followed by ET from the Fe protein [4Fe-4S] 
cluster to the P-cluster3. ET event is followed by the hydrolysis of the two ATP to two 
ADP and two Pi and eventually dissociation of the two proteins takes place4. 
 Although significant progress has been made toward understanding the molecular 
mechanism of nitrogenase catalysis, there remain several unanswered questions. The 
research detailed here centers around two of the major categories. The first area addresses 
on how ATP hydrolysis is coupled to electron transfer from the Fe protein to the MoFe 
protein. The second focuses on understanding the substrate reduction mechanism of 
nitrogenase. 
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 The current model of nitrogenase catalysis holds that each αβ unit of the MoFe 
protein functions independently. The study presented here shows that nitrogenase 
exhibits negative cooperativity, with ET and ATP hydrolysis in one half of the ternary 
complex suppressing these processes in the other half. The data shows that during the 
pre-steady state only one electron is transferred from the Fe protein to the MoFe protein. 
This is followed by hydrolysis of two ATP molecules to produce two ADP and two Pi. 
The observed kinetics of ET, ATP hydrolysis, and Pi release are captured in a global fit to 
a two-branch negative-cooperativity kinetic model. Electron Paramagnetic Resonance 
studies further show small differences between the resting state and singly-reduced MoFe 
protein that can be attributed to an intra-complex allosteric perturbation of the resting-
state FeMo-co in one αβ unit by reduction of FeMo-co in the other. The study is nicely 
complemented by the normal-mode analysis showing correlated and anti-correlated 
motions between the two nitrogenase αβ halves5. 
 The physiological significance of this negative cooperativity between the two 
catalytic halves of the MoFe protein is not known. It could be possible that this 
mechanism is required to induce the correct conformation for the dissociation of the Fe 
protein from the MoFe protein. To test this hypothesis, site-directed mutagenesis should 
be performed to generate an altered form of the MoFe protein which can only bind Fe 
protein to one of its catalytic subunits. Biochemical and spectroscopic analyses will be 
performed to characterize this altered MoFe protein. The use of heterodimeric Fe protein 
generated using similar strategies will allow to probe the ET event from the Fe protein to 
the MoFe protein6. Additional molecular dynamics calculations will be performed to 
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understand the exact nature of structural or electrostatic change that triggers the negative 
cooperativity. This will eventually help to find the pathway through which this change 
communicates within the MoFe protein. 
 Nitrite (NO2-) is a key player in the global nitrogen cycle which is reduced to 
ammonia by multiheme cytochrome c nitrite reductase (ccNIR)7. Previously it was shown 
that nitrogenase can also catalyze this reaction but the mechanism was unknown8. We 
decided to use different variants of nitrogenase to understand the mechanism of this 
complex reaction. Kinetic studies with wildtype and two other variant enzymes showed 
absence of inhibition of nitrite reduction by H2. This finding led us to conclude that 
unlike N2 reduction by nitrogenase which requires a total of 8e- because of obligatory H2 
production, the reduction of NO2- by nitrogenase only requires 6e-. One of the key 
intermediates of NO2- reduction by ccNIR is hydroxylamine (NH2OH) which was also 
found to be a very good substrate of nitrogenase. This discovery led us to propose the 
reaction pathway for nitrite reduction by nitrogenase which begins with the generation of 
NO2H bound to a state in which the active-site FeMo-co (M) has accumulated 2 [e-/H+] 
(E2), stored as a (bridging) hydride and proton. Proton transfer to NO2H and H2O loss 
leaves M-[NO+]; transfer of the E2 hydride to the [NO+] directly forms HNO bound to 
FeMo-co, avoiding formation of the M-[NO] thermodynamic ‘sink’. The proposal was 
further strengthened by freeze-trapping and characterization of two intermediates H and I 
derived from both nitrite and hydroxylamine using advanced spectroscopic techniques. 
These intermediates were also trapped and characterized previously using hydrazine 
(N2H4) as a substrate of nitrogenase. This study further provides support to the 
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‘alternating pathway’ of N2 reduction in which the H atoms add alternately to the two N 
atoms of N29. 
 Initial attempts to characterize nitrate (NO3-) as a substrate of nitrogenase were 
not successful8. It was concluded that wildtype nitrogenase has no reactivity toward NO3-. 
Three possible reasons were accounted for this: 1.) NO2- is more polar than NO3- so, it 
can bind easily to the FeMo-cofactor. 2.) NO3- is bigger than NO2-, therefore to get access 
to the FeMo-cofactor may be more difficult. 3.) NO3- is thermodynamically more stable 
than NO2-, so to break the first N-O bond requires more activation energy. Here we 
provide evidence of NO3- being reduced to NH3 by wildtype nitrogenase and at a faster 
rate by a variant form of enzyme in which the α-70Val is substituted by smaller Ala 
residue. α-70Val acts as a gate keeper, which sterically controls the access of substrates to 
the FeMo-co. By substituting this amino acid residue with smaller Ala or Gly provides 
access for larger substrates to the FeMo-co10. Advanced spectroscopic techniques have 
been used for freeze-trapping and characterization of two intermediates H and I derived 
from nitrate turnover samples. The intermediates were found to be identical as 
intermediates trapped during hydrazine and nitrite reduction9,11. Furthermore, Fe protein 
independent electrochemical reduction of NO3- to NH3 by MoFe protein was also 
demonstrated. 
 The kinetic studies demonstrated in this work has mainly focused on the 
characteristics of NO3- as a substrate of nitrogenase. Apart from being a substrate, NO3- 
also inhibits H+ reduction by nitrogenase. To test whether this inhibition is reversible or 
irreversible, carbon monoxide (CO) could be used with NO3-. CO has been known to 
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inhibit all substrates of nitrogenase except protons12. If the inhibition of H+ reduction 
caused by NO3- is reversible then adding CO in the reaction vial should relieve that effect. 
Another question that will be addressed in this study is the effects of C2H2 on NO3- 
reduction. Acetylene (C2H2) is a very good substrate for nitrogenase and a known 
inhibitor of other nitrogenase substrates13. The proposed study will elucidate the exact 
nature of C2H2 inhibition on NO3- reduction by different variants of nitrogenase. 
 Although the late stage intermediates of NO2- and NO3- have been characterized in 
this research, the early and mid-stage intermediates are still need to be characterized 
experimentally. Advanced spectroscopic studies will be helpful in trapping and 
charactering those intermediates. The variant form of MoFe protein α-70Ala/α-195Gln 
should be used for this study. Labelling NO2- and NO3- with 15N and 17O could potentially 
lead to identification of the new intermediates using ENDOR/ESEEM spectroscopy. This 
method could also identify the binding modes of these substrates to the FeMo-co. In 
addition to spectroscopy, X-ray crystallography can be used to study the interaction of 
these substrates with FeMo-co and with the amino acids surrounding the FeMo-co. 
 Another important player in the global biogeochemical nitrogen cycle is nitrous 
oxide (N2O). N2O is a potent greenhouse gas and can be reduced to N2 by Cu-dependent 
N2O reductase14. Nitrous oxide (N2O) was the first substrate other than N2, which was 
shown to be reduced by nitrogenase15. In addition of being a substrate, it is also a 
competitive inhibitor of N2 reduction by nitrogenase. It was also shown that N2O is first 
reduced to N2 which in turn is further reduced to NH3. Higher partial pressure of N2O 
supports the formation of N2 while at lower partial pressure of N2O, more NH3 is 
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formed15. Although N2O has been studied for a very long time, it is still unknown how 
and where it binds to the FeMo-cofactor and the molecular mechanism of its reduction. 
Future research should be performed to attempt to answer these questions. 
 N2O can be reduced by wildtype nitrogenase at significant rates and it could also 
play an important role in lowering its concentration in the atmosphere. It has been 
suggested that the only product of N2O reduction by nitrogenase is N2 which can be 
either released to the atmosphere or reduced to NH3. The possibility of reducing N2O to 
NH3 without releasing any intermediates was also suggested but there were no 
experimental evidence to support this argument.  
 
 
Figure 5-1│Effect of N2O partial pressures on H+ reduction by wildtype and α-70Ala 
MoFe protein. 
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 Preliminary kinetic studies on N2O show that the rate of NH3 formation is low in 
α-70Ala, compared to the wildtype enzyme. The inhibition of H+ reduction is also higher 
in the α-70Ala than the wildtype enzyme. These initial results suggest that binding of N2O 
to the FeMo-cofactor is more efficient in α-70Ala due to the easier access to the active site 
and the role of N2O as an inhibitor is dominant over its role as a substrate (Figure 5-1)15. 
  
 
Figure 5-2│Effect of N2O partial pressures on NH3 formation by wildtype (WT) and 
α-70Ala MoFe protein. 
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 Regarding nitrogenase catalyzed N2O reduction, it was suggested that N2O might 
bind terminally with the oxygen to the FeMo-cofactor but there is no direct evidence to 
support this hypothesis8. Studies performed on Cu containing nitrous oxide reductase 
shows that N2O can bind to the active site in two different ways; (i) it terminally binds to 
the active site Cu, (ii) it can also bind in a bent bridging fashion with oxygen bound to 
one Cu center and the terminal nitrogen bound to the other Cu center14. In order to 
elucidate the binding mode of N2O to the FeMo-cofactor and to get mechanistic insights 
of N2O reduction, advanced spectroscopic studies will be conducted as described earlier. 
Although N2O can completely suppress the H2 evolution and NH3 production, it was not 
shown as an inhibitor of the total electron flux in wildtype enzyme15. Since the previous 
studies were carried out in the wildtype enzyme, using different variants of nitrogenase 
will provide more understanding about this reaction. In order to address the possibility of 
direct reduction of N2O to NH3 16, the nif (-) variants of nitrogenase should be tested. 
These variants, such as α-70Gly and α-70Ala/α-195Gln are incapable of reducing N2 to NH3, 
therefore any NH3 formation from N2O will indicate an alternate pathway of N2O 
reduction by nitrogenase. Furthermore, future research should be conducted to trap and 
characterize intermediates derived from N2O reduction using advanced spectroscopic 
methods. 
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